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Abstract 

Ultraviolet (UV) light with a wavelength of 254 nm has proven to be effective at inactivating 

microorganisms, and thus has been increasingly employed as a method of disinfection of indoor 

environments. UV light with wavelengths of over 300 nm is known to promote the formation of 

secondary organic aerosol (SOA) particles. The portion of UV light produced by the sun that 

penetrates into the Earth’s atmosphere has wavelengths of over 300 nm, and is observed to 

promote SOA formation within the Earth’s atmosphere. The majority of SOA particles can be 

classified as fine particulate matter, or particles with diameters of 2.5 μm or smaller. The particles 

of fine particulate matter are of particular concern for human health, as they are associated with 

enhancing infectious diseases, causing allergic effects, and promoting respiratory and 

cardiovascular conditions.  

Germicidal UV treatment, using UV light with a wavelength of 254 nm, is commonly used for the 

purpose of improving air quality and reducing the transmission of infectious microorganisms. 

Thus, it is often used in environments such as hospitals, where there are individuals with weaker 

or compromised immune systems, and thus more susceptible to a variety of negative health 

effects. As such, these individuals would also be at higher risk for the health effects associated 

with exposure to fine particulate matter. Therefore, it is of importance to determine if the use of 

germicidal UV treatment in indoor environments will promote significant SOA formation. 

SOA particles are formed as a result of gas phase oxidation of volatile organic compounds 

(VOCs), and various types of VOCs are commonly found in almost all indoor environments. In 

this work, toluene was selected as the representative VOC to be tested. In the experiments, 

mixtures of air and toluene were exposed to 254 nm UV light, varying the conditions of the air, 

the amounts of toluene added, the duration of UV exposure, and the duration of post-UV 

recirculation.  The amount of particles formed in the fine particulate matter size range were 

measured for each experiment. Significant levels of particle formation were observed for UV 

exposure periods of as short as 5 minutes. The particle formation levels ranged from 2.383 

particles/cm3 for 5 minutes of UV exposure, to 1449.76 particles/cm3 for 15 minutes of UV 

exposure. Particle formation was found to increase with increasing concentrations of gas phase 
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toluene, as well as increasing durations of UV irradiation. Higher levels of relative humidity also 

resulted in increased particle formation and growth. However, the amount of recirculation time 

after UV exposure did not appear to have a significant effect on the level of particle formation. 

The initial amount of ambient particles present prior to UV exposure varied from 3.781 

particles/cm3 to 27.082 particles/cm3, and was found to correlate positively with the relative 

humidity of the air. Variations in the initial amount of particles present over this range did not 

have an effect on the amount of particle formation. Overall, in this work, it was determined that 

exposure of toluene to 254 nm germicidal UV light does result in SOA particle formation.  
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Chapter 1 – Introduction 

In recent years, ultraviolet (UV) light has been increasingly used for disinfection of indoor 

environments. UV light with a wavelength of 254 nm has been shown to be effective at 

inactivating microorganisms, such as bacteria and viruses (Katara et al., 2008) (Lau et al., 2008). 

However, UV light with wavelengths of over 300 nm are also known to promote the formation 

of aerosol particles (Presto et al., 2005) (Kroll et al., 2006), which can cause or enhance negative 

health effects in humans (Poschl, 2005) (Hallaquist et al., 2009) (Wolkoff, 2012). Thus, it is 

plausible that irradiation using germicidal UV light with a wavelength of 254 nm may also 

promote the formation of aerosol particles. 

A significant portion of all atmospheric aerosol particles are secondary organic aerosols (SOAs). 

SOAs are formed as a result of oxidation reactions when volatile organic compounds (VOCs) 

react to produce products of lower volatility (Hallaquist et al., 2009) (Ng, et al., 2007). These lower 

volatility products are more likely to condense to form aerosol particles (Hallaquist et al., 2009). 

There are a vast number of types of VOCs found in the both the atmosphere, as well as in indoor 

environments. Each type of VOC has the potential to undergo a number of different reaction 

pathways, depending on the conditions. Each of these reaction pathways will produce a different 

distribution of products. The degree to which any particular oxidation product contributes to 

SOA formation depends on the equilibrium established between the gas and particle phases for 

that compound at the given conditions (Kroll and Seinfeld, 2008). This means that some oxidation 

products will contribute more significantly to the formation of SOAs than others, while some may 

not contribute at all (Hallaquist et al., 2009). Since there are many different types of VOCs and 

possible products, all of which contribute differently to SOA formation, there are many factors 

that need to be considered in determining the extent and rate of formation of SOAs (Kroll and 

Seinfeld, 2008). 

Of particular concern with regards to particle formation is fine particulate matter, or particles 

with diameters of 2.5 μm and smaller. With recent research, it has become increasingly evident 

that fine particulate matter has negative health impacts on humans. This includes the potential to 
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enhance infectious or allergic conditions, as well as cause damaging respiratory and 

cardiovascular diseases (Poschl, 2005) (Hallaquist et al., 2009) (Wolkoff, 2012). Disinfection using 

germicidal UV light is often used in sensitive environments, such as hospitals and other 

healthcare buildings (Katara et al., 2008). In these environments, there is a greater chance for 

people at higher risk for detrimental effects to be exposed to any aerosol particles that may form, 

and thus be more seriously affected by the related health effects. Consequently, it is important to 

establish how UV light with a wavelength of 254 nm will contribute to the production of fine 

particulate matter. 

In existing research, it has been shown that UV light produced by the sun, with wavelengths of 

300 nm and longer, plays a significant role in atmospheric formation of SOA particles. Although 

the sun also produces UV light with shorter wavelengths, the shorter wavelengths are not able to 

penetrate Earth’s ozone layer to reach the lower atmosphere. In the atmosphere, the 300+ nm UV 

light promotes the formation of hydroxyl (OH) radicals through the photolytic reaction of other 

compounds present in the system, such as ozone or nitrous acid (Presto et al., 2005) (Kroll et al., 

2006). These OH radicals react readily with VOCs, causing an increase in oxidation reactions 

compared to conditions without UV light (Kroll et al., 2005). These oxidation reactions then 

proceed to form the lower volatility products, some of which will condense to form SOA 

(Hallaquist et al., 2009). However, existing research has not determined whether the particle 

formation mechanism observed in the atmosphere is also relevant in UV-treated indoor 

environments. Germicidal UV light has a wavelength of 254 nm, shorter than the 300+ nm UV 

sunlight that promotes atmospheric SOA formation. While the mechanism through which 300+ 

nm UV light produced by the sun contributes to SOA formation is understood, there are 

uncertainties as to how 254 nm UV light compares.  

The culmination of this research will determine whether SOA formation can occur when 

germicidal UV light is used for indoor disinfection. This knowledge can be applied to future work 

to determine if any additional air quality control measures are required in conjunction with UV 

light disinfection. In addition, the particle size distribution will be known, which will aid in 

determining what type of air quality control would be best suited for eliminating the sizes of 
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particles that would be present. Overall, this knowledge will aid in minimizing any unnecessary 

detrimental health effects resulting from the use of germicidal UV treatment.  
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1.1 Objective 

The aim of this project was to investigate the amount of SOA formation with respect to a number 

of variables. These variables included the initial VOC concentrations, conditions of the air, 

duration of UV exposure, and duration of post-UV recirculation. Since there is such a wide variety 

of types of VOCs that may be found in indoor environments, these experiments focussed on a 

single type of VOC, and developed an understanding of how particle formation varied under 

different conditions. This knowledge was then later expanded by testing other types of VOCs 

with different properties, and comparing the SOA formation results. The experiments were 

performed in a closed chamber environment, allowing for control and measurement of the 

variables of interest, such as the concentration of VOC present in the gas phase, and the particle 

size distribution in the gas. In addition, samples were taken from the chamber throughout the 

duration of each experiment, which allowed for the observation of any changes that occurred 

over time. The goal was to analyze the particle size distributions that resulted from germicidal 

UV irradiation under different sets of conditions, in order to determine the extent of SOA 

formation. Comparison of the change in VOC levels and particle size distribution over varying 

conditions allowed for the determination of how UV light and other ambient factors affected SOA 

formation from the particular VOC tested. 

The following are the objectives of this work: 

1. To determine if SOA particles are formed upon exposure of gas phase VOCs to 254 nm 

UV light. 

2. To determine the effects of the initial VOC concentrations, duration of UV exposure, and 

duration of post-UV recirculation on the amount of particle formation observed. 

3. To determine if variations in the initial amount of ambient particles present and relative 

humidity of the air affect the amount of particle formation observed. 
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1.2 Hypothesis 

Indoor air UV treatment systems use germicidal UV light with a wavelength of 254 nm, which 

has been thoroughly studied for its germicidal properties, but less so for possible related particle 

formation. The UV light produced by the sun that penetrates into Earth’s atmosphere has 

wavelengths of around 300 nm and greater, and is known to promote SOA formation in the 

atmosphere through the photooxidation of VOCs. Since germicidal UV has a similar wavelength 

to the atmospheric sunlight known to promote VOC formation, it is plausible that it will react 

with VOCs by similar mechanisms. Therefore, it is hypothesized that the use of germicidal UV 

light to treat indoor air will promote SOA formation from VOCs present in the environment. 
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Chapter 2 - Background 

2.1 Germicidal UV 

Treatment of indoor air using UV light is a common engineering control for the reduction of 

transmission of airborne infectious agents (Kujundzic et al., 2007). Certain wavelengths of UV 

light are capable of disinfecting air by inactivating the microorganisms that may be present (Ke 

et al., 2009) (Lim and Blatchley III, 2009) (Dumyahn and First, 1999). The wavelengths of UV light 

typically employed for inactivation of microorganisms range from 200-320 nm (Kowalski, 2009). 

Work as early as studies in 1936 by Wells, and 1938 by Sharp have investigated the use of 

germicidal UV lamps for the purpose of inactivation of microorganisms. Since then, it has been 

determined that germicidal UV is effective at inactivating a wide range of pathogens, including 

both bacteria and viruses (Lim and Blatchley III, 2009) (Daryany et al., 2009). This includes the 

ability to inactivate one of the most resilient enveloped viruses, the bovine viral diarrhea virus 

(Daryany et al., 2009). 

Germicidal UV encompasses a range of wavelengths of UV light due to the fact that different 

wavelengths act on different parts of the microorganisms. Absorbance of UV light induces 

photobiochemical changes in the various parts of bacterial cells, causing the cell to become 

inactivated (Lim and Blatchley III, 2009). For example, nucleic acids are most significantly 

degraded by UV-C, with wavelengths ranging from 100-280 nm, while proteins most significantly 

break down due to absorption of UV light with wavelengths longer than 300 nm (Daryany et al., 

2009) (Kowalski, 2009). Degradation of the genetic material, in the form of nucleic acids, is the 

most effective method of ensuring microbial inactivation. Although the exact wavelength that is 

most effective for inactivation varies slightly between different types and species of 

microorganisms, wavelengths that are similar are still effective at inactivation (Kowalski, 2009).  

Thus, the most common form of germicidal UV light used has a wavelength of 254 nm, which is 

part of the spectrum effective at degrading genetic material in essentially all microorganisms (Lim 

and Blatchley III, 2009). In this work, germicidal UV will refer to UV light with a wavelength of 

254 nm, as this is the wavelength that germicidal UV systems typically employ. 
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Disinfection of indoor air using germicidal UV has been widely accepted as an effective method 

of indoor air quality control, and is commonly recommended as an engineering control of 

reduction of airborne disease transmission (Dumyahn and First, 1999) (Ke et al., 2009) (Kujundzic 

et al., 2007). It is most commonly used in environments where there is a high risk of disease 

transmission, especially from undiagnosed but potentially infectious individuals, such as hospital 

waiting areas, emergency rooms, and jails (Dumyahn and First, 1999). Germicidal UV is also 

commonly used to treat higher traffic confined spaces with shared air, such as airplane cabins 

and classrooms (Lim and Blatchley III, 2009). UV air treatment systems can be designed to work 

effectively in a wide variety of indoor environments. There also exist portable modular systems, 

as well as smaller non-specific systems commercially available for purchase. Most UV air 

treatment systems consist of low-pressure mercury vapour lamps that emit UV radiation at a 

wavelength of 254 nm (Kujundzic et al., 2007) (Kowalski, 2009). 

UV treatment systems for larger rooms and buildings are most commonly installed in either the 

ventilation air ducts, or in the upper air portion of the room. Different types of environments may 

be better suited to a particular type of system, or it may not be feasible to install a specific type of 

system in a given environment (Kowlaski, 2009). Thus, there are a number of factors that need to 

be considered in selecting a germicidal UV treatment system for any particular environment. 

Upper air UV systems are installed in the upper portions of the room, above eye level. They 

usually consist of multiple lamps installed on the upper walls or ceiling. Since these systems are 

installed in the occupied area of the room, there is the risk of UV exposure to people in the room. 

Sometimes, these types of systems will use louvers to direct the light and minimize exposure to 

the occupants (Kowalski, 2009). In order to further minimize the exposure of any room occupants 

to UV light, UV-absorbing paints may be used on the wall or ceiling (Kowalski, 2009). In addition, 

UV treatments can be scheduled for times when the room is vacant. Upper air systems are 

typically more cost effective than in-duct systems, however they may be less ideal for use in some 

highly occupied spaces due to the possibility of UV exposure (Kowalski, 2009) (Dumyahn and 

First, 1999) (Lim and Blatchley III, 2009). 
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More commonly, UV systems can be installed in the ventilation air ducts of the building 

(Dumyahn and First, 1999) (Lim and Blatchley III, 2009). This allows for increased irradiance and 

circulation of the treated air, resulting in improved rates of microbial inactivation. In addition, 

this type of system can also be used while the room is occupied without fear of UV exposure 

(Kujundzic et al., 2007). Most in-duct germicidal UV systems are designed to be effective with the 

typical duct air velocity of 2-3 m/s in most building air systems (Kowalski, 2009). Additionally, 

there are a number of other design considerations that can be implemented to increase the amount 

of UV dosage that the air passing through receives. Some in-duct systems utilize recirculation in 

order to dose the air multiple times, or the ductwork can be constructed of reflective material, 

such as polished aluminum, to increase irradiance (Kowalski, 2009). In-duct systems are often 

designed specifically for each room or building, in order to account for the size and shape of the 

room, and ensure that the air being is sufficiently treated. 

It has been determined that the degree of microbial inactivation depends on the UV dosage 

received by the microorganisms. In addition, higher levels of UV dosage also result in increased 

rates of VOC degradation (Shen and Yu, 1999). In order to evaluate the effectiveness of UV 

systems that have setups using different exposure times, lamps with different wattage, or varying 

lamp orientation in the room, measurements of UV irradiance and dosage can be used. UV 

irradiance is a measure of the flux of UV radiant energy an area is exposed, and UV dosage is the 

total amount of UV radiant energy an area is exposed to over a certain period of time. With the 

irradiance level measured, the UV dosage can be determined for any amount of exposure time 

employed with the following equation: 

𝑈𝑉 𝑑𝑜𝑠𝑎𝑔𝑒 [
𝑚𝐽

𝑐𝑚2] = 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 [
𝑚𝑊

𝑐𝑚2]  x 𝑡𝑖𝑚𝑒 [𝑠] 

 Table 1 below shows a comparison of the irradiance levels of some different germicidal UV 

systems. 
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Table 1: Irradiance levels in germicidal UV setups 

Setup Irradiance 

(mW/cm2) 

Pilot-scale chamber 

 0.93 m x 0.93 m x 0.93 m (0.8 m3) 

 4 UV lamps in corners 

 full chamber irradiation 

0.0098 - 0.0114 

Upper-air UV in room 

 87 m3 

 5 UV lamps; 4 in corners, 1 in 

centre 

 upper air irradiation 

0.025 – 0.027 

Above-door UV in room 

 approximately 7.5 m3 floor space 

 hospital patient bathroom 

 1 lamp 

 full room irradiation 

0.013 – 0.108 

In-duct UV 

 0.6 m x 0.6 m duct 

 single lamp 

 length of 0.5 m 

0.73 

Note: Irradiance levels for the pilot-scale chamber, upper-air UV, and in-duct UV obtained from Kujundzic et al. 

(2007), irradiance levels for above-door UV obtained from Hunt and Anderson (2016) 

 

As seen in Table 1, the irradiance level for the in-duct UV system is much higher than those of all 

the room systems. Since the in-duct system treats flowing air, the air has a much shorter exposure 

time compared to in a room system. The higher irradiance level over a shorter period of time 

allows the air being treated by the in-duct system to receive an adequate UV dose, comparable to 

those delivered by the room systems. The UV dosages and equivalent exposure time 

requirements for inactivation for a number of different types of airborne microorganisms are 

shown below in Table 2. 
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Table 2: UV dosages required for inactivation of microorganisms 

Microorganism Log 

reduction 

UV dosage required 

(μJ/cm2) 

Time required at 0.013 mW/cm2 

(secs) 

Bacteria 1 600 0.046 

Bacillus subtilis 1 1400 0.108 

Escherichia coli 1 200-1500 0.015-0.115 

2 1017-2356 0.078-0.181 

Mycobacterium tuberculosis 1 500 0.038 

Pseudomonas aeruginosa 1 400 0.031 

Serratia indica 1 20900 1.608 

Staphylococcus aureus 1 200-2000 0.015-0.154 

Bacterial spores 1 9000 0.692 

Bacillus subtilis 1 8500-14900 0.654-1.146 

2 15949-19345 1.227-1.488 

Penicillium citrinum 2 47984-89419 3.691-6.878 

Fungal cells and yeast 1 2300 0.177 

Aspergillus versicolor 1 9600 0.738 

Candida famata var. flareri 2 12917-17497 0.994-1.346 

Fungal spores 1 31500 2.423 

Aspergillus niger 1 398400 30.646 

Aspergillus versicolor 1 13900-76800 1.069-5.908 

Penicillium chrysogenum 1 53100-164500 4.085-12.654 

Rhizopus nigricans 1 26700 2.054 

Viruses* 1 600 0.046 

Adenovirus (dsDNA) 1 5900 0.454 

Bacteriophage - MS2 

(ssRNA) 

1 339–423 0.026-0.032 

2 803–909 0.062-0.070 

Bovine viral diarrhea virus** 1.75 530000 40.769 

Complete 1600000 123.077 

Coliphage - Phi X174 

(ssDNA) 

1 444–494 0.034-0.038 

2 974–1031 0.075-0.079 

Coliphage -T7 (dsDNA) 1 910–1196 0.070-0.092 

2 1906–2005 0.417-0.154 

Coronavirus 1 300 0.023 

Coxsackievirus 1 2100 0.162 

Influenza A virus 1 1900 0.146 

Phage - Phi 6 (dsRNA) 1 662–863 0.051-0.066 

2 1388–1771 0.107-0.136 

Sindbis virus 1 2200 0.169 

*Abbreviations of the types of viruses: single-stranded RNA (ssRNA), single-stranded DNA (ssDNA), double-

stranded RNA (dsRNA), double-stranded DNA (dsDNA) 

**The dosage data provided is for BVDV in liquid media, but is included for comparison as one of the most UV-

resistant microorganisms 

Note: Dosages for 2 log reduction of E.coli, B. subtilis spores, P. citrinum spores, and C. famata obtained from Lin and 

Li (2002); dosages for MS2, Phi X174, Phi 6, and T7 viruses obtained from Tseng and Li (2005); dosages for BVDV 

obtained from (Daryany et al., 2009); all other dosages obtained from Kowalski (2009). 
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Human exposure to UV rays, such as sunlight, is commonly known to be associated with negative 

health effects. All UV light with wavelengths below 320 nm are known to cause significant health 

effects, including skin burns and eye damage (Kowalski, 2009). In addition, UV rays are also 

known to be carcinogenic, causing skin cancer (Daryany et al., 2009). The most serious UV related 

health effect is eye damage. Since UV light is invisible to human eyes, unintentional exposure can 

go undetected for extended periods of time. Symptoms of overexposure of eyes to UV light 

include blurred vision, sensitization to light, eye pain, and teary eyes (Kowalski, 2009). 

Overexposure of the skin to UV light can cause erythema (skin reddening, similar to sunburn), 

photosensitivity, skin aging, immune system damage, and skin cancer (Kowalski, 2009). 

However, with indoor UV air treatment, these risks can be minimized or eliminated with the 

placement of the system, and management of the treatment schedule. The American Conference 

of Governmental Industrial Hygienists (ACGIH) states that exposure to doses below 60 J/m2 of 

254 nm UV light is safe for humans (Kowalski, 2009). That is equivalent to 7.692 minutes of full 

exposure to the germicidal UV system with an irradiance level of 0.013 mW/cm2 used for 

comparison above. Since most UV treatment systems are shielded to avoid full exposure, or are 

run when the room is vacant, it is unlikely that room occupants will receive a dose considered to 

be dangerous from a germicidal UV system. Upper air systems are installed close to the ceiling, 

which maximizes the distance between the UV lamps and any occupants of the room, thus 

minimizing their UV exposure levels (Dumyahn and First, 1999). In-duct UV systems are located 

in an area completely separate from the occupants of the room, and thus there are no exposure 

risks associated with this type of system. 

In addition to being effective at disinfecting indoor environments, there are a number of other 

benefits that make the use of UV air treatment systems favourable. Germicidal UV systems are 

suitable for most types of indoor environments, as they tend to be customizable to various 

different environments, and have low equipment costs (Kowalski, 2009). They are also easy and 

convenient to use, are noise free with no moving parts, and require only relatively short contact 

times in order to be effective, as demonstrated by the inactivation times shown above in Table 2 

(Dumyahn and First, 1999) (Lim and Blatchley III, 2009). A small system consisting of one upper 
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air lamp is capable of achieving a 40% overall reduction in airborne microbes with five minutes 

of UV exposure (Hunt and Anderson, 2016). Finally, UV disinfection also lacks any negative 

residual effects after the treatment is completed, and thus is a medically endorsed method of air 

treatment (Katara et al., 2008). 
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2.2 Volatile Organic Compounds 

VOCs are defined as organic compounds with boiling points of between 50-260°C at room 

temperature and standard atmospheric pressure (Huang et al., 2016). The relatively low boiling 

points of these compounds mean that they also have high vapour pressures at normal conditions, 

and will partition significantly into the gas phase. VOCs are commonly found in all types of 

indoor environments. There are over 100 000 possible VOCs that can be found in an environment, 

and their concentrations depend on the types of emission sources that may be present (Hallaquist 

et al., 2009). Many VOCs can be categorized as low molecular weight pollutants, including 

aromatic-, fatty-, halogenated-, and oxygenated-hydrocarbons, terpenes, aldehydes, ketones, and 

esters (Huang et al., 2016). 

VOCs are known to reduce indoor air quality, as well as being associated with negative health 

effects (Quici et al., 2010) (Salonen et al., 2009). This is a concern, as the US Environmental 

Protection Agency estimates the indoor VOC levels can be 5 to 10 times higher than outdoor levels 

(Huang et al., 2016) (Salonen et al., 2009). Outdoors, VOC can originate from anthropogenic or 

natural sources, however natural sources are relatively minor in comparison (Huang et al. 2016). 

The primary outdoor sources of VOCs are motor vehicle exhaust and industrial by-products 

(Huang et al., 2016) (Zou et al., 2006). In indoor environments, there are many more possible 

sources of VOCs. In addition, it is more difficult for VOCs to disperse from indoor environments, 

therefore sources that would easily disperse outdoors will tend to be more significant indoors. 

Ventilation rate has a significant effect on the concentrations of indoor VOCs. However, in 

addition to dispersing VOCs generated indoors, ventilation is also capable of bringing VOCs 

generated outdoors into the indoor environment, especially in areas with higher levels of 

pollutants outdoors, such as industrial areas (De Blas et al., 2012). 

There is a wide variety of possible VOCs that may be found in indoor environments. The types 

and concentrations of indoor VOCs depend on factors such as the emission sources present, the 

efficiency of the ventilation system, and the age and purpose of the room and building (Huang et 

al., 2016) (Salonen et al., 2009) (De Blas et al., 2012). Some possible sources of indoor VOCs include 

building materials and furnishings with adhesive or solvents, electronic equipment, household 
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cleaning products, air fresheners, combustion products, and human metabolism (Huang et al, 

2016) (Quici et al., 2010) (Salonen et al., 2009) (De Blas et al., 2012). It is difficult to quantify the 

VOC generation effect of intermittent sources such as use of electronic equipment, cleaning 

products, and human metabolism, as they will vary significantly over time in the same 

environment, and even more so between different buildings (Salonen et al., 2009). Table 3 below 

shows a list of some possible indoor VOCs and their sources. 

Table 3: Possible indoor VOCs and their sources (Huang et al., 2016) 

 
There are over 900 different VOCs that have been identified at detectable levels in typical indoor 

environments, with typically 20-150 types of VOCs in a single environment (Salonen et al., 2009). 

However, despite the large number of possible VOCs, as few as 20-30 compounds at higher 

concentrations will typically represent 50-75% of the total VOCs present (Salonen et al., 2009). 

The total concentration of all the VOCs in a typical nonindustrial environment is normally found 

to be below 1 mg/m3, but in most cases, it is much lower, with a typical level of around 70 μg/m3 

(Salonen et al., 2009). Typically, a single VOC will have a concentration under 10 μg/m3 in an 

indoor environment (Salonen et al., 2009). Cometto-Muñiz and Abraham (2015) conducted an 

overview of the most commonly reported indoor VOCs in literature, comparing the 

concentrations measured in different studies. The various indoor environments reported were 

divided into two categories, home or school, and commercial. The findings from this literature 

review distribution of the compound concentrations are summarized below in Table 4. 



15 
 

Table 4: Indoor VOC compound concentrations as reported by Cometto-Muñiz and Abraham (2015) 

 Concentration Number of 

compounds 

Home or school 

environments 

All 152 

10-200 μg/m3 22 

3-10 μg/m3 44 

0.55-3 μg/m3 44 

0.01-0.55 μg/m3 42 

Commercial environments All 96 

8-1000 μg/m3 22 

2-7 μg/m3 44 

0.3-2 μg/m3 29 

 

There are some common compounds that are found in many samples of different indoor 

locations. A summary of the most commonly found compounds and their typical concentrations 

in indoor environments is listed below in Table 5. The full table of VOC compounds found and 

their respective indoor concentration ranges can be found in Appendix B-1 VOC Concentrations 

in Indoor Environments. 
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Table 5: Concentrations of some common indoor VOCs, obtained from Salonen et al. (2009), and Cometto-Muñiz and Abraham 

(2015) 

Compound Concentration range 

(μg/m3) 

Toluene 1.60 – 776.5 

Styrene 0.04 – 64.0 

α-pinene 0.20 – 269.0 

Benzene 0.09 – 43.7 

p-dicholorobenzene 0.3 – 144.6 

n-heptane 1.20 – 295.4 

o-xylene 0.2 – 29 

Ethylbenzene 0.2 – 61 

Limonene 1.90 – 49.3 

n-decane 2.20 – 41.8 

p- and m-xylene 0.4 – 190 

Formaldehyde 5.6 – 134.0 

1-butanol 0.3 – 147.6 

Nonanal 0.2 – 30 

Benzaldehyde 0.3 – 12 

1,2-propandiol 0.2 – 280 

Decanal 0.2 – 13 

Decamethylcyclopentasiloxane 0.4 – 150 

Tetrachloroethylene 0.02 – 432.0 

Trichloroethylene 0.02 – 8.8 

 

Thus, since UV light promotes VOC degradations, a positive side effect of the use of germicidal 

UV systems is the reduction of VOC levels and thus improvement of indoor air quality in that 

aspect. There also exist UV photocatalytic systems, similar in design to germicidal UV systems, 

used for the purpose of eliminating indoor VOCs (Quici et al., 2010). However, at the same time, 

SOAs are formed from the oxidation products of VOCs, and therefore the degradation of the 

VOCs may result in the formation of fine particulate matter. 

The type of VOCs present in a certain environment plays a major role in SOA formation. Many 

VOCs emitted into the atmosphere can be inefficient at SOA generation (Hallaquist et al., 2009). 

There are certain types of VOCs that are more effective at forming lower volatility SOA precursor 

compounds, while the products from the oxidation reactions of other VOCs will not significantly 
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contribute to particle formation. In particular, toluene and other light aromatic compounds have 

been found to form dominant SOA precursors (Hildebrant et al., 2009). 

Since there is such a wide variety of VOCs, their associated health effects can vary just as greatly. 

Some VOCs, such as benzene and 1,3-butadiene, are known to be toxic, carcinogenic, or 

mutagenic (De Blas et al., 2012) (Zou et al., 2006). As well, aromatics, such as toluene and alkenes, 

are thought to contribute significantly to cardiovascular conditions (Zou et al., 2006) (Mauderly 

and Chow, 2008). In general, it is common of many VOCs to be associated with negative health 

effects in humans. The inhalation of VOCs can cause symptoms such as respiratory irritation, 

difficulty breathing, nausea, and damage to the central nervous system and other organs (Huang 

et al., 2016). In addition, conditions such as asthma, allergies, and cardiovascular effects may be 

promoted or aggravated by the presence of VOCs (Quici et al., 2010) (Mauderly and Chow, 2008). 

Some VOCs can also be easily absorbed through the skin and mucous membranes, which allows 

them to more easily affect organs and metabolic systems (Huang et al., 2016). 

2.2.1 VOC UV Absorbance 

The interaction between a VOC and UV light depends largely on the absorbance properties of the 

particular VOC at the given wavelength of UV light. Absorbance is the amount of light of a 

particular wavelength taken in by a substance. The absorbance of monochromatic light of a 

specific wavelength by a substance is governed by the Beer-Lambert law, where A represents the 

absorbance, T represents the transmittance, I represents the light flux transmitted by the 

substance, and Io represents the light flux received by the sample: 

𝐴 = log (
1

𝑇
) = log (

𝐼

𝐼𝑜
) 

The absorbance of a particular wavelength of light by a substance is affected by the properties of 

the substance itself, the concentration of the substance in the medium, and the distance that the 

light travels through the medium. 
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The level of absorbance will vary for different wavelengths of light, and can be measured using 

a UV-Vis Spectrometer. In this case, the absorption spectrum for toluene was measured, and is 

shown below in Figure 1. 
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Figure 1: Absorption spectrum for toluene; the second graph shown is a selected portion of the first graph, focusing on the area 

around 254 nm (Data from Serralheiro et al. (2015)) 

In Figure 1, it can be seen that toluene has a minor absorption peak that includes 254 nm. This 

peak is greater than the absorption values for wavelengths of 300+ nm. 300+ nm UV light is known 

to promote SOA formation via photodegradation. Since toluene it more photoactive at 254 nm 

-5.00E-17

0.00E+00

5.00E-17

1.00E-16

1.50E-16

2.00E-16

2.50E-16

115 135 155 175 195 215 235 255 275 295 315

A
b

so
rp

ti
o

n
 c

ro
ss

 s
ec

ti
o

n
 (

cm
2 /

m
o

le
cu

le
)

Wavelength (nm)

-5.00E-19

2.00E-33

5.00E-19

1.00E-18

1.50E-18

2.00E-18

215 225 235 245 255 265 275 285 295 305 315A
b

so
rp

ti
o

n
 c

ro
ss

 s
ec

ti
o

n
 (

cm
2 /

m
o

le
cu

le
)

Wavelength (nm)



20 
 

than 300+ nm, it is expected that it will absorb and react more significantly with germicidal UV 

light. However, the largest absorbance peak for toluene is around light with a wavelength of 185 

nm, and therefore toluene will react more significantly with UV light in the range of that peak. 
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2.3 Secondary Organic Aerosols 

Atmospheric aerosols are defined as solid or liquid particles that are suspended in air (Hallaquist 

et al., 2009). A significant portion of aerosol particles present in the troposphere are SOAs, which 

can represent anywhere from 20-90% of all the aerosols present in the troposphere, depending on 

the local conditions (Kroll and Seinfeld, 2008). SOAs are aerosol particles that are formed in the 

atmosphere as a result of gas-phase oxidation of volatile organic compounds (Huang et al., 2013). 

The properties of SOA particles can vary greatly, due to the wide variety of compounds that can 

make up the particle. Only some of the products produced by the numerous VOC degradation 

pathways will contribute to SOAs, and individual compounds may contribute to either the mass 

of the particles, the number of particles, or both (Hallaquist et al., 2009). Airborne particles are 

categorized by size, fine particulate matter, or particles with a diameter of 2.5 μm or smaller, is of 

particular concern with respect to health effects. Elevated levels of fine particulate matter have 

been identified in situations with higher production of SOA particles, therefore it is probable that 

SOA particles primarily fall into the size range for fine particulate matter (Hallaquist et al., 2009). 

The negative health effects of fine particulate matter are better understood than those of solely 

SOAs, therefore the primary concern with respect to health effects is the levels of fine particulate 

matter that are present (Hallaquist et al., 2009). 

Since there are so many variables that affect SOA formation, it is difficult to predict the formation 

mechanisms or particle composition in any particular situation. In addition, only a few VOC 

degradation reaction mechanisms have been studied in depth, and these typically involve the 

VOCs with the simplest structures. Select types of more complex VOCs, such as certain terpenes 

and aromatic hydrocarbons, have also had aspects of their degradation chemistry studied 

experimentally. Using the knowledge of the degradation pathways of the simpler compounds, 

details about the mechanisms of degradation can be inferred for more complex compounds 

(Hallaquist et al., 2009). However, the existing knowledge may not be applicable to all types of 

VOCs, so the assumptions made may not always accurately reflect the reactions actually 

occurring, and the resultant composition of SOA particles formed. 
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Most commonly, gaseous VOCs will degrade as a result of either direct photolysis, or reaction 

mechanisms involving hydroxyl radicals (OH), ozone (O3), or nitrous compounds (NOx) (Kroll 

and Seinfeld, 2008). Exposure to UV light can result in increased levels of VOC oxidation in two 

ways; through direct photolysis, or enhancing the formation of OH radicals (Bhowmick and 

Semmens, 1994). Direct photolytic degradation of VOCs occurs as the compounds absorb the 

energy from the UV light, and then consequently break down. The resulting compounds may 

undergo a direct photolysis again, or react with other oxidative compounds. The extent of the 

effect of direct photolysis depends on the absorptivity of the VOC and of the resulting 

degradation products (Bhowmick and Semmens, 1994). UV light can also aid in the formation of 

OH radicals, as shown in the sample set of general reactions shown in Figure 2. 

 

 
Figure 2: Mechanism of UV photooxidation of VOCs, where R is the portion of the compound structure not involved in this 

reaction mechanism (Xue et al., 2013) 

Figure 2 shows that UV light can break down ozone, forming hydroxyl radicals that will then 

react with and break down VOCs. In situations with adequate NO levels, UV light is also able to 

promote the formation of ozone. Thus, it is possible for UV light to aid in the continuous 

formation and degradation of ozone, which leads to the formation of hydroxyl radials, which in 

turn react with VOCs to degrade them. Increasing the dose of UV results in increased levels of 
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VOC degradation, which leads to increased levels of SOA particle formation (Shen and Yu, 1999) 

(Hildebrant et al., 2009). Therefore, it is expected that longer periods of UV exposure will result 

in greater amounts of SOA formation. However, this particular type of reaction pathway is 

unlikely to occur with germicidal UV systems, as significant levels of NO and ozone are 

undesirable, and often eliminated from indoor environments. Direct photolysis is more likely to 

occur in indoor environments, and the exact mechanism will depend more strongly on the 

structure of the VOC in question. An example of such a mechanism for toluene degradation is 

shown later in Figure 3, in Section 2.3.1 SOA Formation from Toluene. 

In addition to the sample VOC degradation reaction shown, other possible reaction pathways 

may occur, depending on the structure and properties of the VOCs present. Upon oxidation, 

VOCs can gain functional groups, which decreases volatility and increases the chance of SOA 

formation. Alternatively, VOC oxidation can also result in the cleavage of carbon-carbon bonds, 

producing smaller, more volatile compounds that are less likely to contribute to SOAs (Hallaquist 

et al., 2009). Thus, the rate at which both of these types of pathways occur will determine the rate 

of formation of different types of products, and therefore also the degree of SOA formation and 

growth. 

Much of the existing work done on UV photolytic oxidation investigates UV light with 

wavelengths of 300 nm or greater, which corresponds to the range of UV wavelengths emitted 

from the sun reaching the Earth’s atmosphere, as well as from blacklights. These wavelengths of 

UV light are known to promote SOA formation via photolysis (Huang et al., 2006). Oxidation 

reactions and SOA formation can also occur in the absence of UV light, as VOCs can also react 

with other components in the air, such as OH radicals generated through non-UV mechanisms 

(Rösch et al., 2015). The ambient conditions and types of VOCs present will have a significant 

effect on the extent to which the different types of reactions will occur, the products formed, and 

thus the degree of SOA formation (Hallaquist et al., 2009). The initial step in the oxidative 

decomposition results in the VOC reacting and breaking down to form products. The products 

that are related to SOA formation are those with lower volatility and higher water solubility. 

Often, the products of the initial reaction will undergo a number of additional oxidation reactions, 
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each producing products of subsequently lower volatility and higher solubility. Theoretically, 

these additional oxidation reactions could continue to occur until all the carbon atoms in the 

initial VOC have been converted into CO2, however practical conditions do not typically allow 

this to occur (Hallaquist et al., 2009). SOA particles are formed when the semivolatile products of 

VOC oxidation partition from the gas to the particle phase. This gas to particle phase transfer of 

semivolatile compounds competes with further oxidation in the gas phase (Hallaquist et al., 2009). 

SOA particles can be formed in one of two ways. In the first, the VOC oxidation products are able 

to condense on existing particle matter in the environment. Alternatively, the semivolatile 

compounds may also self-nucleate to form particles (Huang et al., 2006). As long as there is some 

absorbing mass present in the air, a portion of any semivolatile compound capable of particle 

formation will partition into the particle phase. This happens regardless of whether or not the gas 

phase concentration is above or below the saturation point (Hallaquist et al., 2009). Thus, this 

suggests that as long as a mechanism of reaction exists for the degradation of VOCs, there is likely 

some mechanism by which aerosol particles are able to form. 

Pre-existing absorbing mass that promote aerosol particle growth is referred to as seed particles. 

The most effective seed particles are typically inorganic, often in the form of salts (Huang et al., 

2013). The presence of these pre-existing seed particles are found to promote the growth of SOA 

particles (Ng et al., 2007) (Huang et al., 2013). Since the air in typical indoor environments is not 

well-filtered to remove fine particulate matter, it is likely that there will often be seed particles 

present, resulting in the promotion of SOA formation during germicidal UV usage. 

There is significant variation in the composition of aerosols found in the environment, and thus 

it is extremely difficult to determine their independent effects on human health. Furthermore, it 

is also difficult to isolate the effects of SOAs from that of all the other types of atmospheric 

aerosols that may be present. However, it is reasonable to conclude that SOAs contribute 

significantly to the overall effect of all the aerosols present, since SOAs are known to make up 

anywhere from 20-90% of all the atmospheric aerosols (Kroll and Seinfeld, 2008). The specific 

effects will primarily depend on factors such as concentration, size, structure, and chemical 

composition of the aerosols or aerosol mixture involved (Poschl, 2005). In addition, since much 
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of SOAs can also be categorized as fine particulate matter, the health effects associated with fine 

particulate matter are also applicable. 

Fine particulate matter and aerosol particles are known to be associated with causing damaging 

respiratory and cardiovascular effects, as well as enhance other health issues, such as infectious 

diseases and allergic effects (Mauderly and Chow, 2008) (Hallaquist et al., 2009) (Poschl, 2005). 

Specifically, they have been associated with conditions such as lung inflammation, reduced lung 

function, allergic responses, asthma exacerbations, heart arrhythmias, and myocardial 

infarctions. In particular, aerosol particles have pronounced negative health effects on those with 

already compromised health, such as the elderly, and asthmatics (Mauderly and Chow, 2008). In 

addition, SOAs in particular may cause noticeable sensory irritation in the eyes and upper 

airways, with a particularly enhanced effect on asthmatics (Wolkoff, 2012). 

UV germicidal air treatment is often used in environments with individuals at a higher risk of 

infection. Thus, it is important to determine the degree of SOA formation associated with the use 

of UV lights, in order to determine whether the use of germicidal UV treatment puts these types 

of individuals at risk for aerosol particle induced health effects. 

2.3.1 SOA Formation from Toluene 

In this work, toluene was chosen as the representative VOC. Toluene is the most abundant 

aromatic compound in urban air, and is also commonly found at levels of 1.60 – 776.5 μg/m3 in 

indoor environments (Hurley et al., 2001) (Salonen et al., 2009). SOA formed from toluene 

oxidation products typically exists in the form of fine particulate matter, or particles with 

diameters of 2.5 μm or smaller, which is the particle size fraction of concern (Huang et al., 2006). 

Investigation of toluene-based SOAs suggests that a number of oxidation steps are required in 

order for toluene to produce the compounds found in the SOA particles (Hildebrant et al., 2009). 

Figure 3 shows a proposed simplified mechanism for the formation of toluene-based SOA (Ng et 

al., 2007). 
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Figure 3: Proposed SOA formation mechanism from toluene, where X represents non-particle products from all gas phase loss 

processes. (Ng et al., 2007) 
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2.4 Photocatalytic Oxidation 

Similar to germicidal UV systems, UV photocatalytic systems are often used for treatment of 

indoor air. These systems are typically marketed for the purpose of improving indoor air quality 

by eliminating VOCs from indoor air (Quici et al., 2010) (Huang et al., 2016). Photocatalytic 

oxidation is capable of and highly effective at removing almost all organic and inorganic gas 

phase pollutants, notably those produced by many industries (Huang et al., 2016) (Zou et al., 

2006). In addition, photocatalysis is an attractive method for indoor air treatment, as the systems 

operate at room temperature, and are highly chemically stable, non-toxic, and inexpensive 

(Huang et al., 2016) (Zou et al., 2006). 

UV photocatalytic systems operate by breaking down pollutants on a catalyst surface activated 

by irradiation with UV light (Huang et al., 2016). These photocatalytic systems can use various 

UV wavelengths, up to 400 nm. Most commonly, titanium dioxide (TiO2) will be used as the 

catalyst. TiO2 is ideal for this application, as it has superior photocatalytic ability, and high 

photocorrosion resistance, as well as being non-toxic, biologically and chemically inert, 

inexpensive and able to be effectively immobilized on various different surfaces (Huang et al., 

2016) (Zou et al., 2006). Essentially, UV photocatalysis involves the absorption of photons from 

the UV light by the TiO2 surface, which produces active reaction sites. The organic pollutants then 

undergo redox reactions on the catalyst surface, possibly forming intermediates, before being 

completely oxidized to H2O, CO2, and inorganic compounds (Huang et al., 2016).  

The mechanism of photocatalysis differs from that of photolytic oxidation primarily due to the 

fact that photocatalysis occurs at the catalyst surface. In photocatalysis, photons from the UV light 

are absorbed by the catalyst surface, creating active sites for the VOCs to absorb and react. Thus, 

photocatalytic systems tend to be limited by the amount of catalyst surface available for 

absorption and reaction. Contrarily, in photolytic oxidation, UV light reacts directly with the 

compounds in the air to either break down VOCs, or form other compounds that will then react 

to decompose VOCs. 
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2.5 Related Existing Work 

There are a number of existing studies, a few of which are represented in Table 6, that have been 

done regarding the UV photolytic formation of SOA. However, there is limited work 

investigating the effects of germicidal UV in this regard. The majority of the work focuses on 

longer wavelength UV light, similar to sunlight, with wavelengths of 300-400 nm. In addition, 

most of the experiments are done in specifically formulated gas mixtures, in order to investigate 

certain effects. Therefore, although there is a lot of existing work that is similar and relevant, it 

cannot be directly related to the effects of germicidal UV on SOA formation in indoor 

environments. Table 6 provides the key related aspects for some similar existing work found in 

literature. 
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Table 6: Comparison of SOA formation experiments in literature 

 Gas mixture and 

VOC(s) added 

UV wavelength and 

exposure 

Particle formation and 

toluene consumption 

Huang et al., 2006  Air, CH3ONO, NO 

 Toluene 

 300-400 nm lamps  Particle diameter: 0.5-3.5 

μm (majority <2.5 μm) 

 Peak at 0.75 μm diameter 

Hurley et al., 2001 

Experiment 1 

 Air, 13 ppm CH3ONO, 

13 ppm NO 

 2.6 – 13 ppm toluene 

 315+ nm blacklight 

lamps 

 3-7 periods of 1-15 

minutes irradiation 

 Particle diameter: 0.04-0.35 

μm 

 After 4 mins UV, peak at 

0.1 μm; after 40 mins UV, 

peak at 0.2 μm 

 Particle concentration: 170-

225 μm/cm3 

 18-34% toluene 

consumption, equal to 411-

2482 μm/m3 

Hurley et al., 2001 

Experiment 2 

 Air, 0.191-0.461 ppm 

NOx, propene 

 2.1-5.02 ppm toluene 

 315+ nm blacklight 

lamps 

 3.5 hours irradiation 

 Particle concentration: 200-

210 μm/cm3 

 At 1890 μg/m3 toluene 

consumed, 180 μg/m3 

particles formed 

Hurley et al., 2001 

Experiment 3 

 Air, 0.045-0.25 ppm 

NOx 

 0.8-2.02 ppm toluene 

 Sunlight 

 3 hours exposure 

 Particle diameter: 0.1-0.4 

μm 

 Initial particles peak at 

0.01 μm 

 Particle concentration: 75-

175 μm/cm3 

 15-25% toluene loss 

Vivanco et al., 2011 

Experiment 1 

 Air, HONO 

 Mixture of toluene, 

1,3,5,-

trimethylbenzene, o-

xylene, octane 

 Sunlight  Particle diameter: 0.0175-

0.122 μm 

 Particle concentration: 25-

65 μg/m3 

Vivanco et al., 2011 

Experiment 2 

 Air, HONO 

 Mixture of α-pinene, 

isoprene, limonene 

 Sunlight  Particle diameter: 0.0414-

0.289 μm 

 Particle concentration: 375 

μg/m3 

Zhao et al., 2008 

Experiment 1 

 Air 

 α-pinene 

 365 nm lamps 

 5 hours irradiation 

 Particle diameter: 0.02-0.3 

μm 

 Particle concentration: 120 

μg/m3 
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Through the studies investigated in Table 6, it is evident that UV light with wavelengths between 

300-400 nm will cause certain VOCs to form SOA particles. Most of the particles formed are small 

enough to be considered fine particulate matter. In fact, most of the studies observed particles in 

the nanometer size range, far from the upper size limit of fine particulate matter. As well, the 

work by Hurley et al. (2001) concluded that the amount of aerosol particles formed correlates 

positively with the amount of toluene initially present in the system, as well as the amount of 

toluene consumed by the reactions. 

The existing studies provide a good starting point for establishing a hypothesis for the effect of 

germicidal UV on SOA formation in indoor environments. It is evident that UV photolysis does 

promote SOA particle formation. However, the majority of the work done on SOA formation 

from UV photooxidation involves wavelengths of light similar to atmospheric sunlight, or 300+ 

nm. In addition, the results for these types of studies are typically reported in mass 

concentrations, which does not give a representation of the number of particles formed, or the 

growth in size of particles. The existing studies also do not necessarily use or observe the same 

parameters that are of interest for indoor environments. For instance, of primary interest is the 

amount of SOA particles, or more specifically FINE PARTICULATE MATTER, formed from an 

initial concentration of VOC after a certain duration of exposure to germicidal UV light. With the 

studies reported in literature, it is difficult to draw a relationship between the initial amount of 

VOC, the duration of UV exposure, and the resulting particle size distribution. 
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Chapter 3 - Equipment 

3.1 Experimental Setup 

 
Figure 4: Diagram of experimental setup 

A diagram of the experimental setup used for this project is shown above in Figure 4, and photos 

of the setup are also shown in below Figure 5 and Figure 6. The system setup consists of a custom 

built UV reactor vessel, containing a UV lamp that runs the length of the reactor. The gas in the 

system is recirculated using a Cole Parmer Masterflex peristaltic pump. This pump uses 60 cm of 

Masterflex size 17 Norprene tubing, which has an inner diameter of 6.4 mm. The rest of the tubing 
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used for recirculating the system is 370 cm of 0.935 cm (3/8 inch) ID polytetrafluoroethylene 

(PTFE) tubing. The recirculation rate of the system gas was 415 mL/min, which is equivalent to 

one vessel air exchange every 63.5 minutes. The flow rate was consistent across all the 

experiments done. All of the fittings and valves used in the setup are stainless steel or brass. Just 

upstream from the inlet port of the UV reactor vessel is a gas sample port, which consists of a 

stainless steel fitting with a silicone septum, through which a gas syringe can be used to draw a 

sample of the system gas. 

 
Figure 5: Front view photo of experimental setup 
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Figure 6: Side view photos of experimental setup 

A more detailed diagram of the UV reactor is shown below in Figure 7, and photos of the side 

views of the reactor are shown in Figure 6. The UV reactor vessel is a cylindrical stainless steel 

vessel with a diameter of 20.3 cm, and a length of 81.3 cm. The effective volume of the UV reactor 

is 26 359 mL. The UV lamp is a Sterilight model S8RL/4P, a 40 W lamp which produces 

monochromatic UV light with a wavelength of 254 nm, and it is situated so that it runs 

horizontally down the center of the full length of the reactor. The lamp controller used is a Viqua 

BA-ICE-SO electronic controller, which is connected to the same switch as a cooling fan situated 

underneath the reactor vessel. This ensures that the UV lamp and cooling fan are turned on 

simultaneously. Since the UV lamp creates heat, the fan ensures the regulation of the temperature 

in the vessel. The temperature profile of the system during operation is discussed in Section 

4.1.2.1 Vessel Temperature. 
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Figure 7: Diagram of reactor vessel 

The aerosol particle sizer (APS) used for analysis of particle size distributions is attached via a 

sample port on the center of the reactor. The sample port includes an L-shaped stainless steel 

sampling tube with an inner diameter of 2 mm, which extends 5 cm into the reactor, and has a 4.5 

cm long bent arm that allows the sampling to be done in the same direction as the gas flow 

through the vessel (see Figure 7). The sampling tube feeds the sample gas into copper tubing with 

a larger inner diameter of 3.1 mm (1/8 inch), to which the sample valve is attached. When the 

valve is open, the APS is able to sample the system gas from the reactor. The copper tube is then 

attached to conductive silicon tubing, which fits the inlet port of the APS. Figure 8 shows how the 

vessel is attached to the APS for sampling the reactor gas. The use of copper and conductive 

silicon tubing for sampling ensures that particle loss while sampling is minimized. The 

specifications of the APS and conductive silicon tubing will be further discussed in Section 3.3 

Aerosol Particle Sizer. 
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Figure 8: Photo of APS attached to reactor vessel 

For the majority of the experiments, the source of the system air is compressed air supplied from 

the building’s system, and is passed through a filter before reaching the UV reactor vessel. This 

filtered compressed air is essentially dry, with a relative humidity measurement of around 11%. 

The filter used is a ZenPure PureFlo Capsule containing both an activated carbon portion and a 

HEPA filter. The activated carbon removes VOCs from the gas, while the HEPA filter ensures 

99.97% removal of particulate material larger than 0.3 μm in diameter. There are also experiments 

that require the use of room air, rather than the building supplied compressed gas. These 

experiments use a Gast vacuum pump, model DOA-P104-AA, to draw air from the room to be 

circulated as the system gas. For the introduction of both the building’s compressed gas and room 

air via the vacuum pump, the air flowrate is regulated by a flowmeter, and kept consistent at 8 

L/min for the duration of the system purge. Afterwards, the purge gas flow was stopped, and the 

recirculation was controlled by the peristaltic pump. In addition, there are some experiments that 

use unfiltered air, which utilizes the same system with the filter removed. For the experiments 
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that required it, the relative humidity of the room air was measured using a General handheld 

psychrometer, model EP8710. 

Toluene was the primary VOC used in the experiments performed. The toluene was supplied by 

VWR International, and had a minimum purity of 99.5%. In addition, a supplemental experiment 

was also done using limonene. The d-limonene was also supplied by VWR, and had a minimum 

purity of 94%. 
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3.2 Gas Chromatography 

Gas chromatography (GC) is used to monitor the VOC concentrations throughout the duration 

of the experiment. The model of gas chromatographer used is a HP 5890 Series II, with a Restek 

fused silica column, model Rtx-5 10240, which has an inner diameter of 0.53 mm and a length of 

30 m. Toluene level detection is done using the flame ionization detector (FID). 

The GC program used for toluene detection has the following specifications: 

Table 7: GC Specifications 

Parameter  

Injector Temperature 250°C 

Detector (FID) Temperature 300°C 

Oven Temperature 40°C 

Air Flow Rate 350 L/min 

Hydrogen Flow Rate 35 L/min 

Column Head Pressure 5 psi 

Program Run Time 2.500 mins 

Toluene Retention Time (expected) 1.887 mins 

 

The toluene area counts were calibrated at least once every week that experiments were being 

performed. The calibration samples were created by evaporating 1 μL of liquid toluene in a 250 

mL gas bulb, yielding a known toluene concentration of 3440 ng toluene/mL gas sample. Gas 

samples for both calibration of and measurement using the GC are taken using a 500 μL Hamilton 

gas-tight syringe, model 1750 TLL. The full procedure for calibration of the gas chromatographer 

is found in Section 4.2.1 Gas Chromatography Calibration. 
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3.3 Aerosol Particle Sizer 

In the experiment performed, a TSI Aerosol Particle Sizer (APS) model 3321 (Figure 9) was used 

to monitor the amount of aerosol particles present in the system. It was attached in line to the UV 

vessel, as shown in Figure 4 and Figure 8. This type of APS is a time-of-flight spectrometer, which 

determines the size of the particles by measuring their velocities. The sample gas is contained 

within a stream of sheath air, and the flowrate is accelerated by passing through a nozzle. The 

particles will then scatter light as they pass through laser beams, and the scattered light is 

measured as electrical pulses using a photodetector. The velocity of each of the particles can then 

be determined using the time between the peaks of the pulses. These velocities are then sorted 

into their time-of-flights, which can then be converted into the aerodynamic particle diameter of 

the particle, determined by a non-volatile calibration in the device. Using this method, this model 

of APS is able to detect particles from 0.5-20 μm in diameter using the determined aerodynamic 

particle sizes, as well as the unconverted light scattering data. These particles are sorted into 52 

size fractions. In addition, particles between the diameters of 0.3-0.5 μm using light scattering 

data, and these particles are sorted together as a size fraction of <0.523 μm. 

 
Figure 9: TSI 3321 aerosol particle sizer 
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The APS obtains samples from the UV reactor vessel through 21 cm of L-shaped stainless steel 

sampling tube with an inner diameter of 2 mm. The L-shaped tubing has a 16.5 cm section 

extending out of the reactor, which bends at 90° to a 4.5 cm section parallel to the direction of gas 

flow in the reactor. The stainless steel tubing then attaches to 11 cm of 3.1 mm (1/8 inch) inner 

diameter copper tubing, and 86 cm of conductive silicon tubing. The conductive silicone tubing 

is manufactured by TSI for use with the APS, and has an inner diameter of 11.2 mm (0.44 inches). 

This size of tubing is designed to fit the gas inlet nozzle at the top of the APS, which has a diameter 

of 18.9 mm (0.746 inches). The different types of tubing are used such that the sample gas will 

flow through conductive tubes of increasing diameter, which is done in order to avoid particle 

loss during sampling. The APS draws gas from the reactor at a rate of 5 L/min. 4 L/min of the gas 

is filtered within the APS and used as sheath air, while the remaining 1 L/min is used as the actual 

sample and analyzed for particle size distribution. 
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3.4 Data Analysis Software 

The primary statistical software used for data analysis in this project is Statistica 11. This software 

was used to perform statistical analysis for the factorial experiment preformed. The design of 

experiment ANOVA and factorial ANOVA analysis methods were used. 
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Chapter 4 - Methods and Experiments  

4.1 Experimental Conditions 

4.1.1 Parameters Tested 

There were four primary variables being tested in the experiments performed. They were the type 

of initial air source, the amount of toluene initially present in the system, the length of time that 

the system is exposed to UV light, and the length of post-UV gas recirculation time. 

4.1.1.1 Initial Air Source 

The initial air source for the majority of the experiments was filtered compressed air from the 

building system. This ensured that the air was essentially dry with a relative humidity of around 

11%, with the filtration removing any particles larger than 0.3 μm in diameter. Thus, all particles 

measured were expected to have been formed during the duration of the experiment. 

In addition, there was also a number of experiments done with unfiltered compressed air, as well 

as filtered and unfiltered room air. The use of room air allowed for the observation of any effects 

resulting from relative humidity levels above 0%. The experiments using unfiltered air allowed 

for the determination of any effect on the overall particle distribution if there pre-existing 

particles in the system prior to the start of the experiment.  

4.1.1.2 Toluene Concentration 

A few initial experiments were done in order to determine the effective amount of gas phase 

toluene that would result from additions of various volumes of liquid toluene. The results are 

shown below in Table 8 and Figure 10. 
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Table 8: Gas phase concentrations of toluene at varying liquid additions 

Liquid toluene 

addition (μL) 

Theoretical gas phase 

toluene concentration 

(ng/mL) 

Actual gas phase toluene 

Concentration 

(ng/mL) 

Percent of theoretical 

concentration 

9 280.30 65.65 23.4% 

10 311.45 87.76 28.2% 

15 467.17 120.14 25.7% 

18 560.60 175.66 31.3% 

20 622.90 194.12 31.2% 

The values shown in Table 8 show that the actual gas phase concentrations observed are far lower 

than the theoretical gas phase concentrations that would be observed if all the liquid toluene were 

to be distributed ideally in the gas phase. Therefore, this indicates that there may be other factors 

that are unaccounted for, such as potential wall effects, or incomplete volatilization, that play a 

role in how these VOCs transition from the liquid to the gas phase in this reactor. 

 
Figure 10: Graph of gas phase concentrations of toluene at varying liquid additions 

As is evident from Figure 10, the relationship between the amount of liquid toluene added and 

the resulting gas phase toluene concentration is a relatively linear positive correlation. This 

suggests that any toluene additions within the range tested can be used and results can be easily 

related to each other. Toluene addition levels of 9 μL and 15 μL were selected for the experiments 
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performed, which corresponded to gas phase toluene concentration ranges of 55-85 ng/mL and 

100-125 ng/mL. Varying the concentration of gas phase toluene will subsequently vary the UV 

absorbance, therefore it is expected that the initial toluene level will affect the degree of toluene 

photodegradation, and the resulting particle formation. 

4.1.1.3 Length of UV Exposure 

The length of time that the system is exposed to UV light affects the effectiveness of the treatment 

system. It is known that UV exposure for as little as 5 minutes can result in a significant germicidal 

effect (Hunt and Anderson, 2016). Thus, since relatively short exposure times can be used for 

indoor germicidal UV treatments, this will be the starting point for testing for observable particle 

formation. 

The length of UV exposure time can be related to the level of UV dosage that the gas mixture is 

subjected to. This can be determined by calculating the average irradiance rate in the UV reactor. 

Bolton (2000), provides an equation for estimating the average irradiance rate in a cylindrical 

reactor with a single UV lamp that runs down the centre. Using this equation, the average 

irradiance rate in the reactor used in these experiments is 19.52 mW/cm2. The use of a 40 W bulb 

in a relatively small reactor results in a significantly higher amount of UV irradiance than those 

found in existing work, as outlined in Table 1. 

A set of minimal exposure experiments was designed in order to determine the minimum amount 

of time required to generate observable particle formation. In addition, a complete degradation 

experiment was done to determine the amount of time required to completely degrade the 

amount of gas phase toluene added to the vessel. The results from these experiments are shown 

in Section 5.1 Complete Degradation Experiment and Section 5.3 Minimal Exposure Experiment. 

These results were used as the basis for selecting the UV exposure times used in further 

experiments. For the majority of the experiments, UV irradiation times from 1 to 15 minutes were 

tested. 



44 
 

4.1.1.4 Length of Post-UV Recirculation 

The formation of SOA particles is a result of the condensation of semivolatile compounds formed 

via oxidation reactions. Since these reactions can occur in the absence of UV light, it is 

hypothesized that particle growth can continue to occur after UV exposure has ended (Rösch et 

al., 2015). In addition, the transition of compounds from the gas to the particle phase may not 

occur instantaneously, and thus it is possible for compounds in the gas phase to continue to 

condense after the termination of the UV treatment. Therefore, particle formation or growth may 

continue to occur, despite the fact that UV photoreactions are no longer occurring. Post-UV 

recirculation times from 1 to 15 minutes were tested in the experiments performed. 

4.1.2 Other System Variables 

4.1.2.1 Vessel Temperature 

One condition of interest in the experiments performed was the temperature of the system. In 

particular, it is known that the 254 nm UV lamp used gives off an observable amount of heat. As 

a result, the gas in the system could be expected in increase in temperature to some degree over 

the duration of an experiment. The fan was always running when the UV lamp was on, in order 

to control the increase in temperature. 

In order to quantify the temperature increase of the system, a digital temperature probe was 

placed in various orientations in the system in order to create temperature profiles. The probe 

used was a VWR Traceable Ultra Thermometer, which is accurate to ±0.2°C between -50 - 150°C. 

Figure 11 shows the temperature profile when the probe was placed at different depths in the 

sample port located halfway along the length of the vessel. Since the vessel is approximately 20 

cm in diameter, the furthest the probe could be placed into the vessel without contacting the lamp 

was 9.5 cm. At each of the different depths of the probe, the temperature was monitored over 15 

minutes with the UV lamp turned on. The exposure time was selected to be 15 minutes, since this 

was also the longest planned exposure for an experiment. 
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Figure 11: Vessel temperature profile taken from vessel sample port 

The resultant temperature profiles from three different probe depths are shown in Figure 11. It 

can be observed that the closer the probe was to the lamp, the higher the measured temperature. 

In addition, the rate of temperature increase was the most significant over the first 5 minutes at 

all three depths. The maximum measured temperature was 47.2°C, at the probe depth closest to 

the UV lamp, resulting in a temperature difference of 23.9°C over the duration of the experiment. 

However, since the temperature probe is made of metal, it is possible that it will absorb energy 

from the light produced by the UV lamp, and thus artificially record a temperature higher than 

that of the actual system gas. 

In order to confirm the temperature profiles taken from the sample port, as well as to remove the 

effect of exposing the metal temperature probe to UV light, another temperature profile was taken 

of the gas exiting the vessel via the outlet port. For this, the temperature probe was placed 

immediately after the exit of vessel, before valve 3 (see Figure 4). This temperature profile is a 

better representation of the overall gas temperature exiting the system. It is also a better 

representation of indoor germicidal UV systems, where circulation aids in moderating the air 

temperature. 
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Figure 12: Temperature profile at vessel exit port 

As shown in Figure 12, the temperature of gas exiting the vessel remains at essentially a constant 

temperature over the course of the 15 minutes with the UV lamp on. This suggests that the 

increased temperature observed from the sample port measurements are only local to specific 

areas within the reactor. Overall, since the temperature of the outlet gas remains relatively 

constant, it is suggested that the overall system maintains a relatively constant temperature. The 

small changes in temperature are not expected to have any effect on aerosol particle formation 

(Ng et al., 2007).  
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4.2 Experimental Procedure 

4.2.1 Gas Chromatography Calibration 

The toluene area counts for the gas chromatography were calibrated every week that experiments 

were performed. The calibration gas mixture was prepared by evaporating 1 μL of liquid toluene 

in a 250 mL bulb. This yields a gas mixture with a known toluene concentration of 3440 ng 

toluene/mL. 

The procedure for the calibration is as follows: 

1. In a sealed 250 mL gas bulb, 1 μL of liquid toluene was added. The bulb was heated briefly 

in a 40°C oven just until all the liquid has evaporated. 

2. With a 500 μL Hamilton model 1750 TLL gas-tight syringe, the samples in the sequence 

listed in Table 9 were injected into the GC. The area counts measured for each of the 

samples was recorded. 

Table 9: Gas chromatography calibration sequence 

Sample Equivalent toluene mass 

(ng) 

500 μL room air 0 

50 μL bulb gas 78.4 

100 μL bulb gas 156.8 

200 μL bulb gas 313.6 

300 μL bulb gas 470.4 

400 μL bulb gas 627.2 

500 μL bulb gas 784 

 

3. Under the toluene method, the previous area count values were replaced with the newly 

calibrated values. 

4.2.2 UV Irradiation Experiments 

The same general procedure was followed for all of the experiments involving UV irradiation. 

The general procedure is outlined below, and the factors that vary between the different types of 

experiments done are outlined in Table 10, which follows. 
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1. Prior to the start of each experimental run, the vessel was purged with filtered compressed 

air. To do this, valves 1 and 4 were opened, and valves 2 and 3 were closed, which allowed 

the air to pass through the vessel to the exhaust. The flowmeter was checked to ensure 

gas flow was regulated at 8 L/min for this purge step. The vessel was purged for at least 

13 minutes, or the equivalent of at least 4 reactor volumes, in order to ensure the removal 

of any pre-existing material. 

2. After purging, the vessel was switched to recirculation mode by closing valves 1 and 4, 

opening valves 2 and 3, and turning the peristaltic pump on. 

3. Once recirculation was started, blank samples were taken for both the GC and APS. This 

was done to establish baseline measurements for VOC and particle concentrations. For 

the baseline VOC concentration, a 500 μL gas sample was taken from the sample port with 

a gas-tight syringe, and injected into the GC for analysis. For the baseline particle 

distribution, an initial sample was collected using the APS via the sample port on the 

vessel. The experimental run was only started if the initial amount of VOC is below 5 

ng/mL. 

4. To start the experimental run, the desired amount of liquid toluene was injected into the 

system via that sample port. The system was allowed to recirculate until the level of gas-

phase toluene had stabilized. The toluene level in the gas phase was monitored using 500 

μL gas samples injected into the GC for analysis. When the concentration was observed 

to have less than 10% difference over three samples taken over a period of at least 10 

minutes, the level of gas-phase toluene was deemed to be stable. The first sample for the 

GC was taken around 10 minutes after the injection of the liquid toluene, as the toluene 

levels tended to stabilize around 15 minutes after injection. 

5. When the level of gas-phase toluene was deemed to be stable, another baseline sample 

was taken for particles using the APS. This sample was used as a baseline for the particle 

size distribution present prior to UV irradiation. In addition, this allowed for the isolation 

of any effects on the particle size distribution from the possibility of toluene condensation. 

6. The UV lamp was then switched on, and the system was allowed to irradiate and 

recirculate for the desired amount of time. 
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7. Once the designated amount of time has elapsed, the UV lamp was switched off. A GC 

gas sample was taken as a record of how much toluene was left in the system after the UV 

irradiation. The system was then allowed to continue to recirculate for the designated 

amount of post-UV recirculation time. 

8. At the end of post-UV recirculation time, a final APS sample was taken, which gave the 

final particle size distribution. The particle size distributions before and after UV 

irradiation were compared to determine the amount of particle formation that occurred. 
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Table 10: Variations of the experimental procedure 

Experiment Purpose Toluene 

concentration 

(ng/mL) 

UV exposure 

length 

Post-UV 

recirculation time 

Complete 

degradation 

To determine the 

amount of time 

required to reduce the 

amount of toluene 

present in the system 

to a negligible level, 

and the associated 

particle formation. 

10 μL As long as 

required for gas 

phase toluene 

levels to 

decrease to a 

negligible level. 

None. 

Blank (control) To confirm that the 

particle formation 

observed is a result of 

toluene degradation. 

No toluene 15 minutes. 1 minute. 

Minimal exposure 

with constant 

recirculation time 

To find the lowest UV 

dose required for 

particle formation. 

55-85 ng/mL Starting at 1 

minute, 

increasing in 

increments of 1 

minute until a 

significant 

amount of 

particle 

formation is 

observed. 

5 minutes. 

Minimal exposure 

with constant total 

time 

To determine if 

varying total time and 

post-UV recirculation 

time have different 

effects on particle 

formation. 

The total time was 

selected to be 6 

minutes from the 

results of the previous 

minimal exposure test. 

55-85 ng/mL 1-5 minutes, 

such that the 

sum of the UV 

exposure time 

and post-UV 

recirculation 

time equals 6 

minutes. 

1-5 minutes, such 

that the sum of 

the UV exposure 

time and post-UV 

recirculation time 

equals 6 minutes. 

Factorial To determine the 

effects of initial 

toluene level, UV 

exposure length, and 

post-UV recirculation 

time, relative to each 

other. 

55-85 ng/mL 

and 100-125 

ng/mL 

5, 10, and 15 

minutes. 

1, 5, and 15 

minutes. 
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Room air To determine the 

effect of room air on 

particle formation, as 

compared to previous 

experiments using 

filtered compressed 

air. 

55-85 ng/mL 5 minutes. 1 minute. 

 

4.2.3 Unfiltered Air Experiments 

Unfiltered experiments were done using both the compressed air supply from the building, as 

well as the room air. These experiments can be compared with the filtered experiments using the 

same air source in order to determine the amount of pre-existing particles in the air supply, as 

well as their effect on the size distribution of the particles formed from UV photolysis. 

For these experiments, the procedure remains the same as for all the other experiments. The only 

difference is the removal of the HEPA and activated carbon filter that is located prior to the inlet 

port of the vessel. 

4.2.4 Room Air Experiments 

There were also experiments that were done using room air as the system gas instead of 

compressed air. These experiments allow for the observation of any changes in particle formation 

caused by the initial presence of any components in the air that are typical of indoor 

environments, such as pre-existing particles and gas-phase compounds. In addition, the room air 

also allows for investigation of the effects of varying relative humidity on particle formation. 

These experiments were performed with the room air in a university research laboratory, and 

took place during February 2017. The relative humidity of the system gas was determined by 

measuring a static sample of the air using the General handheld psychrometer. 

For these experiments, the initial purge is done using a vacuum pump attached to the system at 

the same location the compressed air would normally be. The vacuum pump draws air from the 

room into reactor vessel, and the flow rate is controlled by the flowmeter to be the same 8 L/min 

as it was for the experiments that used compressed air. 
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4.2.5 Above-door Germicidal UV System Experiment 

In order to determine the particle formation effects with respect to a UV system that is used for 

germicidal purposes, a test was done with an above-door UV system. The system involved is a 

Sanuvox Aseptix 1 automatic UV-C room disinfection system set up in a bathroom with a floor 

space of approximately 7.5 m2, located in a commercial office building. This device is installed 

above the door of a room, and has sensors to determine if the door is closed, and motion sensors 

to determine if the room is occupied. Every time the room is vacated, the system will run a five 

minute disinfection cycle. 

An experiment was done in order to determine if, under normal conditions, running a 

disinfection cycle will cause any increase in the size of number of particles present. The particle 

counts were recorded using the APS, placed in the centre of the room. The method used was as 

follows: 

1. With the UV system disabled, an initial gas sample was taken. Since the UV disinfection 

is five minutes long, each sample was designated to be taken continuously over five 

minutes. Two initial samples of the room air were taken prior to UV treatment. 

2. The APS was then set up to take three consecutive samples, and the UV system was turned 

on. The first sample corresponded with the five minutes that the UV system is on, and the 

second and third samples corresponded with the ten minutes following UV treatment. 
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Chapter 5 - Results and Discussion 

5.1 Complete Degradation Experiment 

The complete degradation experiment allowed for the determination of whether exposure of 

toluene to 254 nm UV light results in particle formation. This set of experiments involves 

exposure of the system to UV light until the amount of toluene present in the system has been 

reduced to a negligible amount. The subsequent measurement of the particle size distribution 

was then used for comparison to the initial particle size distribution in order to determine if 

particle formation had occurred as a result of exposure to UV light. The amount of fine particulate 

matter formed was determined as the difference between the amount of fine particulate matter 

before and after UV irradiation. 

In addition, these experiments allowed for the comparison of the amount of time required to 

completely eliminate toluene from the air to the amount of exposure time typically employed by 

germicidal UV systems. They will also allow for the observation of the amount of particulate 

matter formed, and the effects of longer exposure times on both the amount and size distribution 

of the resultant particles. 

The specifications and results for this experiment are shown below in Table 11, and the resultant 

particle size distribution is shown in Figure 13. The amount of fine particulate matter produced 

was determined by the difference between the amount of fine particulate matter present prior to 

and after UV irradiation. 

Table 11: Complete degradation experiment data 

Toluene added 10 uL 

Toluene concentration before UV (ng/mL) 141.36 

Initial fine particulate matter concentration (# of particles/cm3) 1.748 

Length of UV irradiation (h:mm:ss) 1:56:15 

Toluene concentration after UV (ng/mL) 0 

Fine particulate matter formation (# of particles/cm3) 1925.632 
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Figure 13: Particle size distribution for complete degradation experiment of toluene 

In this experiment, complete degradation of 10 μL, or 141.36 ng/mL, of toluene from UV exposure 

took approximately 2 hours. The particle size distribution shows a distinct peak of particles with 

diameters between 1.114-1.382 μm, as well as a smaller peak for particles below 0.777 μm. All of 

the significant particle formation in this experiment falls under the classification of fine 

particulate matter. Overall, 1925.632 particles/cm3 were formed over the course of the UV 

exposure, effectively showing that exposure of toluene to UV light resulted in the formation of 

aerosol particles.  
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5.2 Controls 

In order to confirm that the particle formation is a result of the photodegradation of the added 

toluene, it needs to be determined that both toluene and UV exposure are required for particle 

formation to occur. Thus, the cases in which each of these factors is present without the other 

need to be investigated. 

5.2.1 UV Light 

In the blank experiment, filtered compressed air without the addition of toluene was exposed to 

15 minutes of UV irradiation. The particle size distribution for this experiment is shown below in 

Figure 14. 

 
Figure 14: Particle size distribution for blank experiment with no toluene 

The particle size distributions before and after the UV irradiation are very similar, therefore it is 

reasonable to conclude that no particle formation occurred. In addition, the overall particle 

concentrations are very low. Since the period of UV irradiation did not result in an observable 

increase in the particle concentration, or a change in the shape of the particle size distribution, it 

can be concluded that the presence of toluene is necessary for particle formation under UV 

irradiation in this experimental setup. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 0.5 1 1.5 2 2.5 3

P
ar

ti
cl

e 
co

n
ce

n
tr

at
io

n
 (

#/
cm

3
)

Particle diameter (μm)

Air blank After hold



56 
 

5.2.2 Toluene 

In order to determine whether gas phase toluene produces particles in the absence of UV light, 

the difference between the fine particulate matter levels before and after toluene addition was 

analyzed. The system was allowed to recirculate for a minimum of 10 minutes between the 

measurements. The addition of liquid toluene is hypothesized to not affect the amount of particles 

initially present in the reactor. In order to confirm this, a paired t-test was done to compare the 

fine particulate matter levels. The results of this test are presented below in Table 12. The data for 

this analysis can be found in Appendix A-1.3 Determine of Significant Particle Formation Level. 

Table 12: Results of t-test for air blank and air blank with toluene samples 

  Air blank Air blank with toluene 

Mean 6.920521 6.580472 

Variance 22.69409 18.015 

Observations 29 29 

 

Pearson Correlation 0.925553  
Hypothesized Mean Difference 0  
df 28  
t Stat 1.01106  
P(T<=t) one-tail 0.160323  
t Critical one-tail 1.701131  
P(T<=t) two-tail 0.320645  
t Critical two-tail 2.048407   

 

Since the p value is greater than 0.05, the difference between the means of the two sample sets are 

not significant at a 95% confidence interval. Thus, this confirms that gas phase toluene in the 

reactor in the absence of UV light does not significantly affect the amount of fine particulate 

matter present. 
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5.3 Minimal Exposure Experiment 

5.3.1 Constant Recirculation Time 

The set of minimal exposure experiments was performed to determine the minimal amount of 

UV light exposure required for observable particle formation to occur. To do this, the first 

experiment included 1 minute of UV exposure, and each following experiment increased the 

duration of UV exposure by 1 minute, until significant particle formation was observed. The 

toluene concentration in each experiment was fixed at 55-85 ng/mL, and the post-UV recirculation 

time was fixed at 5 minutes. The particle formation results from this set of experiments is shown 

below in Figure 15. 

 
Figure 15: Fine particulate matter formation vs. UV exposure time in minimal exposure experiments with constant recirculation 

time 

The criteria for determining whether significant particle formation has occurred was selected to 

be relative to the difference in fine particulate matter before and after toluene addition to the 

reactor, as presented in Table 12 of Section 5.2.2 Toluene. The mean of the difference between the 

two sample sets was -0.340 particles/cm3, and the standard deviation was 1.780 particles/cm3. The 

data and analysis can be found in Appendix A-1.3 Determine of Significant Particle Formation 

Level. The minimum level of fine particulate matter formation determined to be significant is the 
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amount that would exceed the level of the difference considered to be normal. This is equal to the 

sum of the mean and one standard deviation of the particle difference before and after toluene 

addition, meaning the minimum amount of particle formation considered to be significant would 

be 1.440 particles/cm3. Therefore, for the minimal exposure experiments with constant 

recirculation time, the minimum amount of UV exposure required for significant particle 

formation is 5 minutes. 

Figure 16 below shows the particle size distribution for the experiment with 5 minutes of UV 

exposure followed by 5 minutes of post-UV recirculation. 

 
Figure 16: Particle size distribution for minimal exposure experiment with constant post-UV recirculation, with 5 minutes of 

UV exposure and 5 minutes of post-UV recirculation 

As is evident in Figure 16, most of the particles formed during the UV exposure are close to the 

lower detection limit of the APS. The peak particle size formed occurs at particle diameters of 

0.542-0.583 μm, with 0.909 particles/cm3. This can be compared to the air blank sample before the 

UV exposure, which showed a peak of 0.587 particles/cm3 at a particle diameter of 0.583 μm. With 

the short duration of UV exposure and post-UV recirculation, there is an observable increase in 

particle number, but not in particle diameter. 
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5.3.2 Constant Total Time 

Since the duration of each of the minimal exposure experiments with constant recirculation time 

was short in comparison to the duration of the post-UV recirculation, a second set of minimal 

exposure experiments was carried out. This set of experiments fixed the total experiment time, 

including both the UV exposure time and the post-UV recirculation time. Fixing the total 

experiment time allows the determination of whether the recirculation of existing particles will 

noticeably cause further increased particle formation. The total time was designated to be 6 

minutes, in order to be able to relate the results to those from the minimal exposure experiment 

with constant recirculation time. The particle production results for the experiment are presented 

below in Figure 17. 

 
Figure 17: Fine particulate matter formation vs. UV exposure time in minimal exposure experiments with constant total time 

The significance of particle formation was done using the same values as those in the minimal 

exposure with constant recirculation experiment. Similar to the minimal exposure experiment 

with constant recirculation time, the minimum UV exposure duration for which significant 

particle formation was observed was 5 minutes. Figure 18 below shows the particle size 

distribution from one of the minimal exposure experiments with 5 minutes of UV exposure and 

1 minute of post-UV recirculation. 
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Figure 18: Particle size distribution for minimal exposure experiment with constant post-UV recirculation, with 5 minutes of 

UV exposure and 1 minute of post-UV recirculation 

The particle size distribution for the minimal exposure experiment in Figure 18 is similar to the 

previous one shown in Figure 16. The particle diameter peaks in both the experiments are found 

at 0.542 μm, and the fine particulate matter formation levels are similar at 7.079 particles/cm3 

(Figure 18) and 6.523 particles/cm3 (Figure 16). This is expected, as the only variable that differed 

between the two experiments is the duration of the post-UV recirculation. The experiment 

represented by Figure 18 had 1 minute of post-UV recirculation, while the experiment shown by 

Figure 16 had 5 minutes of recirculation time. This suggests that the amount of post-UV 

recirculation time has a relatively small, if any, effect on the amount of particle formation. 
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5.4 Factorial Experiment 

The factorial experiment was designed to investigate the effects of three factors that were 

considered to be likely to have an effect on UV-induced particle formation. These factors are the 

initial amount of toluene present in the system, the duration of the UV irradiation, and the 

duration of the post-UV recirculation time. Two levels were selected for the initial toluene levels 

and three levels were selected for both the UV irradiation time and the post-UV recirculation 

time. A summary of the levels of the factors tested is shown below in Table 13. 

Table 13: Summary of levels of factors in factorial experiment 

Factor Levels 

Toluene concentration 55-85 ng/mL 

100-125 ng/mL 

UV irradiation time 5 minutes 

10 minutes 

15 minutes 

Post-UV recirculation time 1 minute 

5 minutes 

15 minutes 

 

Due to factors external to the experimental conditions, the amount of toluene injected into the 

system did not correspond directly to the amount of gas-phase toluene present measured by the 

GC. Thus, the two levels for initial toluene level were designated to be additions of 9 μL and 15 

μL of liquid toluene. Injection of 9 μL of liquid toluene into the system resulted in between 55-85 

ng/mL of gas-phase toluene, and injection of 15 μL of liquid toluene resulted in 100-125 ng/mL of 

gas-phase toluene. 

The three levels of UV irradiation time were 5 minutes, 10 minutes, and 15 minutes. The shortest 

irradiation time of 5 minutes was selected from the results of the minimal exposure experiment, 

being the minimum amount of UV irradiation time required to see significant particle formation. 

In addition, 5 minutes of UV exposure is known to have a noticeable germicidal effect, and thus 

is a realistic duration of time that could be used for germicidal UV treatment (Hunt and 

Anderson, 2016). The higher two levels were selected to be double and triple the minimum 

required time. 
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For post-UV recirculation time, the three levels selected were 1 minute, 5 minutes, and 15 minutes. 

1 minute of recirculation was selected as the shortest time in order to see the effect of minimal 

recirculation. It was not possible to incorporate experiments with no post-UV recirculation time, 

since some time was required to switch over the equipment from recirculation to sampling. 5 

minutes and 15 minutes were selected to mimic the durations of the shortest and longest UV 

irradiation levels. 

The fine particulate matter production values for the factorial experiments are shown below in 

Table 14. Particle size distribution graphs for all of factorial experiments can be found in 

Appendix A-2.2 Particle Size Distributions. 

Table 14: Fine particulate matter production in factorial experiments 

Initial toluene level 
Length of UV 

exposure (mins) 

Length of post-UV 

recirculation (mins) 

Fine particulate 

matter production  

(# of particles/cm3) 

9 μL 

(55-85 ng/mL) 

5 

1 7.0789 

5 6.5228 

15 1.2095 

10 

1 213.9533 

5 

8.2193 

33.0308 

16.2047 

15 6.8654 

15 

1 27.2079 

5 163.1487 

15 42.8421 

15 μL 

(100-125 ng/mL) 

5 

1 8.3504 

5 82.5780 

15 4.4056 

10 

1 18.2016 

5 261.3203 

15 59.6718 

15 

1 1449.7600 

5 698.9044 

15 868.4290 
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For comparison, the specifications of the experiments yielding the highest and lowest fine 

particulate matter formation in Table 14 are compared below in Table 15. The graphs of the 

corresponding particle size distributions are also shown below in Figure 19 and Figure 20. 

Table 15: Comparison of specifications of select factorial experiments 

 Lowest fine particulate 

matter formation 

Highest fine particulate 

matter formation 

Toluene added 

(μL) 

9 15 

Toluene consumption 

(ng/mL) 

1.22 7.66 

UV irradiation time 

(hh:mm:ss) 

00:05:00 00:15:00 

Post-UV recirculation time 

(hh:mm:ss) 

00:15:00 00:01:00 

Initial fine particulate matter 

(#/cm3) 

6.126 5.370 

Fine particulate matter formed 

(#/cm3) 

1.210 1449.760 

Particle diameter peak(s) 

(μm) 

0.542 0.542 

Particle concentration at peak 

(#/cm3) 

0.176 14.583 
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Figure 19: Particle size distribution for the factorial experiment with the lowest fine particulate matter formation (55-85 ng/mL 

toluene, 5 minutes UV, 15 minutes recirculation) 

 
Figure 20: Particle size distribution for the factorial experiment with the lowest fine particulate matter formation (100-125 

ng/mL toluene, 15 minutes UV, 1 minute recirculation) 
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From the specifications and particle size distributions of the two selected experiments, there are 

a number of aspects to compare. Initially, both experiments had a similar amount of pre-existing 

particles, thus seeding of SOA particles should not have a significant effect on the difference 

overall particle formation between the experiments. The experiment with the lowest fine 

particulate matter formation level had a toluene concentration of 55-85 ng/mL, a UV exposure 

time of 5 minutes, and a post-UV recirculation time of 15 minutes. Meanwhile, the experiment 

with the highest fine particulate matter formation level had a toluene concentration of 100-125 

ng/mL, a UV exposure time of 15 minutes, and a post-UV recirculation time of 1 minute. From 

these results, it appears that higher levels of toluene and longer periods of UV irradiation result 

in higher levels of particle formation. In addition, the experiment with the highest fine particulate 

matter formation had toluene consumption that was about 6 times greater than that of the lowest 

fine particulate matter formation experiment. This indicates that the higher levels of initial 

toluene and longer UV irradiation period allowed for a greater amount of the initial gas phase 

toluene to be converted into particulate matter. Most notably, the experiment with the highest 

amount of fine particulate matter formation shows observable amounts of particles larger than 

fine particulate matter as well. However, both experiments show the same large peak at a particle 

diameter of 0.542 μm. Although one experiment shows a much higher amount of particle 

formation than the other, the general shape of the particle size formations are relatively similar. 

For all of the sets of conditions tested in the factorial experiment, the observations are similar. 

The particle size distributions are all very similar in shape, with the same initial peak at a particle 

diameter of 0.542 μm, with no other major peaks. The magnitude of the peak and amount of 

particles formed varies between the experiments, but the shape of the particle size distributions 

are consistent between all of them. 

5.4.1 Statistical Analysis 

For the purpose of using Statistica 11 for data analysis, the initial toluene levels are represented 

by the number of microliters of liquid toluene injected into the system. This divides the initial gas 

phase toluene concentrations into two categories, and allows for the comparison of the effects of 
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higher and lower levels of initial toluene present. Table A-5 in Appendix A-2.3 Data for Statistica 

11 Analysis outlines the exact data values used for this analysis. 

Using Statistica’s design of experiment (DOE) analysis of variance (ANOVA) for a 33 design, the 

results in Table 16 were obtained. This analysis considered both linear (L), quadratic (Q), and 

combined (L+Q) trends for the factors being considered.  

Table 16: Design of experiment ANOVA analysis in Statistica 11 

 Sum of squares Degrees of freedom Mean square F p 

(1)Toluene (L) 480975 1 480975.0 5.817481 0.030170 

(2)UV      (L) 821710 1 821710.3 9.938737 0.007055 

UV      (Q) 123132 1 123131.8 1.489302 0.242482 

(3)Recirculation    (L) 45773 1 45772.6 0.553628 0.469144 

Recirculation    (Q) 3071 1 3070.7 0.037140 0.849947 

Error 1157486 14 82677.5   

Total SS 2708874 19    

 

 Sum of squares Degrees of freedom Mean square F p 

(1)Toluene  L 480975 1 480975.0 5.817481 0.030170 

(2)UV       L+Q 944842 2 472421.1 5.714020 0.015336 

(3)Recirculation     L+Q 45773 2 22886.4 0.276815 0.762249 

Error 1157486 14 82677.5   

Total SS 2708874 19    

 

A confidence interval of 95%, or p<0.05, was selected to be used in the factorial experiment. From 

the DOE ANOVA analysis, the initial toluene level, and the duration of UV exposure were 

considered to be significant, while the length of the post-UV recirculation time was not 

significant. The lowest p level corresponds to the length of UV irradiation, therefore it is 

suggested that this would be the most significant factor with respect to particle formation. 

Another analysis that was done was the factorial ANOVA in Statistica 11, as shown in Table 17.  
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Table 17: Factorial ANOVA analysis in Statistica 11 

 

Sum of squares Degrees of 

freedom 

Mean square F p 

Intercept 895411.1 1 895411.1 5581.808 0.000179 

Toluene 506721.2 1 506721.2 3158.795 0.000316 

UV 967188.9 2 483594.4 3014.628 0.000332 

Recirculation 47569.3 2 23784.7 148.269 0.006699 

Toluene*UV 822240.2 2 411120.1 2562.838 0.000390 

Toluene*Recirculation 14845.1 2 7422.6 46.271 0.021155 

UV*Recirculation 86563.8 4 21641.0 134.905 0.007372 

Toluene*UV*Recirculation 252625.0 4 63156.2 393.703 0.002535 

Error 320.8 2 160.4   

 

With the factorial ANOVA analysis, the software deemed all factors and combinations of factors 

to be significant by the significance criteria of p<0.05 from the data provided. Further 

investigation of the p-values determined that the individual factors of initial toluene level and 

duration of UV exposure were considered to be more significant than the length of the post-UV 

recirculation time, which agrees with the DOE ANOVA analysis. As for the combinations of 

factors, the interaction of toluene and UV duration is to be the only interaction to have a p-value 

close to those of the individual factors considered to be significant. The p-values for post-UV 

recirculation time, the combination of UV exposure time and post-UV recirculation, and the 

combination of all three factors were around 10 times larger, indicating that they are less 

significant. Finally, the p-value for the combination of initial toluene level and post-UV 

recirculation time was around 100 times greater than the p-values of the most significant factors, 

showing that it has the least significance on the amount of fine particulate matter formed. 

From these results, it can be concluded that the amount of post-UV recirculation time does not 

have a significant effect on the amount of particle formation. This means that in indoor air 

environments that utilize germicidal UV treatment, the amount of time that has elapsed after the 

completion of the UV treatment will not have a significant effect on the amount of fine particulate 

matter present. 
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5.5 Unfiltered Air Experiment 

For the purpose of comparison, an experiment was done with unfiltered compressed air, while 

all other experimental conditions remained unchanged. The capsule filter removes VOCs and 

particulate material larger than 0.3 μm in diameter from the gas stream. The removal of this filter 

means that all components present in the air will be part of the gas being tested. Figure 21 shows 

a comparison of the initial toluene levels from the minimal exposure experiments, which includes 

all the filtered and unfiltered experiments using the compressed air from the building supply. 

 
Figure 21: Initial toluene concentration vs. initial fine particulate matter concentration for compressed air experiments 

From Figure 21, it is can be observed that the initial fine particulate matter level in the unfiltered 

experiment is slightly higher than those of filtered experiments with similar initial toluene levels, 

however it is not significantly higher than some of the maximum levels observed. 

Figure 22 below is the same graph as Figure 17: Fine particulate matter formation vs. UV exposure 

time in minimal exposure experiments with constant total time, with the addition of the fine 

particulate matter production from the unfiltered compressed air experiment. 
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Figure 22: UV exposure time vs. fine particulate matter formation for compressed air experiments 

From Figure 22, it can be observed that the fine particulate matter formation in the unfiltered 

experiment is similar to those in the filtered experiments. Despite having a comparatively higher 

amount of particles initially present, the unfiltered experiment did not yield a significantly higher 

amount of fine particulate matter production, contrary to expectation. Therefore, there are not a 

significant number of particles present in the compressed air from the building system, and the 

particles present do not significantly increase the amount of fine particulate matter formation. 

This could be due to the fact that since there were so few particles initially present, any resultant 

effects may not be observable in this experiment. The effects of pre-existing particles are likely to 

be better observed in the unfiltered room air experiments, as it is likely that there will be more 

particles initially present in room air than in the compressed air from the building. These results 

will be discussed in the following Section 4.2.4 Room Air Experiments.  

Another point of comparison between the filtered and unfiltered compressed air experiments is 

the amount of particle growth observed over the period of UV irradiation. Figure 23 shows a 

comparison of the particle increase for each size fraction between the filtered and unfiltered 

compressed air experiments with the same conditions. The experiments both had toluene 

concentrations of 55-85 ng/mL, 5 minutes of UV irradiation, and 1 minute of post-UV 
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recirculation. The particle increase for each particle size fraction is calculated by subtracting the 

number of particles present at the particular size fraction before UV irradiation from the number 

of particles present at the same fraction after UV irradiation. 

 
Figure 23: Particle increase for filtered and unfiltered compressed air experiments with 55-85 ng/mL toluene, 5 minutes UV 

exposure, 1 minute post-UV recirculation 

Since the unfiltered experiment did not have significantly higher particle formation as compared 

to the filtered experiment, despite having more initial particles, it can be hypothesized that 

instead, there may be an increased rate of particle growth. In Figure 23, it can be observed that 

the larger particles with diameters from 0.673-1.114 μm had either greater or similar levels of 

increase in the unfiltered experiment. However, for particles with diameters from 0.542-0.626 μm, 

there was a greater increase observed in the filtered experiment. Higher levels of increase are only 

observed for larger size fractions in the unfiltered experiment. Therefore, it is plausible that the 

lower level of particle formation in the unfiltered experiment is correlated with a higher levels of 

particle growth. 
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5.6 Room Air Experiments 

The room air experiments were designed to give a better representation of the effects of 

germicidal UV treatment on particle formation by using air from an actual room. The compressed 

air from the building supply used in the most of the experiments is essentially clean, filtered air. 

Using room air means that any pre-existing particles or compounds found in the room will also 

be found in the initial air supplied to the reactor. In addition, the use of room air allows for the 

consideration of the effects of higher levels of humidity in the air. The relative humidity of indoor 

air can vary greatly, depending on a number of factors. Some of these factors include what the 

room is used for, the effectiveness of the room ventilation, the climate, and the time of year. For 

comparison, the ideal indoor relative humidity in terms of human comfort is between 30-40% 

(Wolkoff and Kjærgaard, 2007). 

All the room air experiments were performed under the same conditions, with the only two 

variations being whether or not the air was initially passed through the filter, and the relative 

humidity of the air. For comparison, the relative humidity of the building’s compressed air was 

0.01%. The compressed air was collected in a sealed bag containing the General handheld 

psychrometer, in order to measure the relative humidity of a static sample of the gas. All the 

experiments were performed with a toluene concentration of 55-85 ng/mL, 5 minutes of UV 

irradiation, and 1 minute of post-UV recirculation. 

The amount of fine particulate matter present before UV irradiation in all of the room air 

experiments in shown in Figure 24. The trend across all of the experiments appears to be that 

higher relative humidity levels yield higher initial fine particulate matter levels. In addition, it is 

evident that the use of the filter results in lower levels of fine particulate matter, as expected. Even 

for a filtered experiment with a high relative humidity of 43.2%, the amount of fine particulate 

matter initially present is lower than that of any of the unfiltered experiments. For comparison, 

the initial amounts of fine particulate matter present in filtered room air experiments under 25% 

relative humidity are similar to initial fine particulate matter levels in the experiments using 

compressed air from the building supply. 
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Figure 24: Initial fine particulate matter levels for unfiltered and filtered room air experiments 

Figure 25 shows the fine particulate matter formation results of both the unfiltered and filtered 

experiments. The filtered experiments involved passing the room air through the HEPA and 

activated carbon filter. As with previous experiments, the amount of fine particulate matter 

formed was calculated as the amount of fine particulate matter present before UV irradiation 

subtracted from the amount present before the irradiation. It is evident in both of these sets of 

experiments that higher levels of relative humidity yield greater levels of particle formation. 
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Figure 25: Fine particulate matter production for unfiltered and filtered room air experiments 

Thus, it can be observed from the room air experiments that higher humidity levels result in 

higher amounts of fine particulate matter formed through UV photooxidation. This is true for 

both the filtered and unfiltered room air, despite the fact that the unfiltered air has a larger 

amount of particles present initially. In addition, the level of fine particulate matter formation for 

the filtered experiments at a relative humidity under 25%, and the unfiltered experiment with a 

relative humidity under 20%, was similar to that from the experiments using the compressed air 

supply from the building. 

Similar to the analysis for the unfiltered air experiment, the particle increase values for the 

unfiltered and filtered room air experiments were graphed. Figure 26 and Figure 27 show the 

particle increase values for all of the unfiltered and filtered room air experiments respectively. 

Figure 28 provides a comparison between the highest and lowest relative humidity experiments 

for both the unfiltered and filtered room air experiments. 
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Figure 26: Particle increase values for unfiltered room air experiments 

In comparing the particle increase values for the unfiltered room air experiments, it is evident 

that the lowest humidity experiment shows a different trend from the higher humidity 

experiments. At 18.6% RH, there does not appear to be any increase in concentration for particles 

with diameters of 0.542 μm and larger. Instead, the number of particles with diameters of 0.542-

1.037 μm decreased between the samples taken before and after UV irradiation. For the higher 

two levels of relative humidity, particle concentration increases were generally observed to be 

higher at 33.4% RH than 23.8% RH for all particles larger than 0.542 μm in diameter. The increase 

in concentration for a multiple consecutive increasing particle sizes suggests that particle growth 

is occurring. This agrees with the earlier conclusion that higher levels of relative humidity result 

in greater fine particulate matter formation; it appears that with increasing levels of relative 

humidity in unfiltered room air, there are increased levels of both particle formation and particle 

growth. 
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Figure 27: Particle increase values for filtered room air experiments 

For filtered room air experiments, the experiments had lower levels of fine particulate matter 

initially present in the reactor, and generally show a different trend from the unfiltered 

experiments. For relative humidity levels from 15.9-22.7%, the increase in concentration of 

particles was relatively similar between the experiments, all showing small increases of around 

0.1 particles/cm3 or less. At 15.9% RH, particle increase values for particles with diameters of 

0.777-1.114 μm differ from the trend, showing decreases of up to 0.4 particles/cm3. Another 

experiment had a very similar relative humidity level at 16.0%, but did not show the same trend 

as the experiment with 15.9% RH. The most significant difference was observed for the 

experiment with 43.2% RH, as it showed significantly higher levels of particle increase. The 

highest increase was observed for particles with diameters of 0.542 μm, with the levels of increase 

becoming smaller with increasing particle size. Similar to the results for the unfiltered room air 

experiments, this increase in particle concentration for a number of consecutive particle size 

fractions suggest that significant particle growth is occurring. This suggests that for higher levels 
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of relative humidity in filtered room air experiments, there is also a higher level of particle 

growth, along with the increased level of particle formation concluded from earlier results. 

 
Figure 28: Comparison of particle increase values between unfiltered and filtered room air experiments 

Figure 28 provides a comparison of the results for the experiments with the highest and lowest 

levels of relative humidity for both the unfiltered and filtered room air experiments. It is evident 

that the level of particle growth was greatest for the unfiltered room air experiment at 33.4% RH, 

despite the fact that the filtered room air experiment had a higher relative humidity of 43.2%. 

However, the trend for particle growth with both of these higher RH experiments is similar. This 

suggests that the higher level of particles initially present has a greater effect on the degree of 

particle growth that just the relative humidity alone. 
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5.7 Replicate Experiments 

In order to investigate the reproducibility of the results, analysis was done on two sets of 

replicated experiments. Each set of these experiments used the same experimental conditions, 

and only varied in the amount of particles initially present, as well as the initial gas phase 

concentration of toluene, as these variables could not be directly controlled. Since the experiments 

were done using the same conditions, the resulting particle formation values can be compared to 

observe effects independent of the experimental conditions. The data for these replicated 

experiments is shown in Table 18. 

Table 18: Analysis of replicate experiments 

 Initial toluene 

concentration 

(ng/mL) 

Initial fine particulate 

matter concentration 

(#/cm3) 

Fine particulate 

matter formation 

(#/cm3) 

Experiment set 1 

55-85 ng/mL toluene 

10 mins UV 

5 mins post-UV 

recirculation 

70.34 1.956 8.2193 

75.97 4.1084 33.0308 

56.77 7.7988 16.2047 

Mean 19.1516 

Standard deviation 10.3414 

Experiment set 2 

10 μL toluene 

8 mins UV 

1 min post-UV 

recirculation 

87.76 5.0164 8.8461 

72.49 2.2234 5.0087 

76.48 2.5184 7.9503 

Mean 7.2684 

Standard deviation 1.6392 
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Figure 29: Initial fine particulate matter concentration vs fine particulate matter formation for replicate experiments 

 
Figure 30: Initial toluene concentration vs fine particulate matter formation for replicate experiments 

Figure 29 and Figure 30 can be analyzed for the relationship between the initial conditions and 

the amount of fine particulate matter formed during the experiments. The graphs suggest that 

there is no apparent correlation between either of the variables and the resulting fine particulate 
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matter formation. Any relationship between these either of the initial conditions and the amount 

of fine particulate matter formed is most likely to be minor compared to the effects of the other 

experimental factors. 

The standard deviation of the amount of fine particulate matter formed is quite large for set 1, 

but much smaller for set 2. The large standard deviation in set 1 suggests that there are likely 

other external factors that may be influencing the amount of particle formation observed in these 

experiments. This may possibly include variations in the building-supplied compressed gas, or 

the conditions of the room, such as temperature. 
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5.8 Toluene Mass Balance 

To determine the efficiency of the conversion of toluene to SOA particles, a mass balance can be 

done between the beginning and end of the experiment. In order to get an estimate of the mass 

balance, the difference between the sum of the masses of the toluene and particles present before 

and after UV exposure was calculated. For the purpose of simplification, all particles were 

assumed to have a density of 1.23 g/cm3, as done by Huang et al. (2013). Table 19 provides the 

details for two mass balances, which were done using the data from the factorial experiments 

with the highest and lowest levels are particle formation as examples again. 

Table 19: Toluene mass balances 

Experiment specifications 55-85 ng/mL toluene 

5 mins UV 

15 mins post-UV 

recirculation 

100-125 ng/mL toluene 

15 mins UV 

1 min post-UV 

recirculation 

Initial toluene mass (μg) 1921.308 3116.425 

Initial particle mass (μg) 78.910 112.963 

Final toluene mass (μg) 1889.150 2914.515 

Final particle mass (μg) 74.070 126972.785 

Toluene mass consumed (μg) 32.158 201.910 

Particle mass formed (μg) -4.840 126859.822 

Mass balance (μg) 

(Initial total mass – final total mass)  

36.998 -126657.912 

 

As is evident from the non-zero mass balances in both experiments, the mass of toluene consumed 

in the reactions does not directly relate to the amount of particle mass formed. In fact, both of 

these experiments show atypical characteristics. The first experiment, the lowest particle 

formation experiment, shows a negative mass of particles formed. The second experiment shows 

a significantly higher amount of particle mass formed than toluene mass consumed. This suggest 

that there are significant factors affecting the mass balance that are not considered in these 

simplified calculations. It would be very unlikely for all the toluene mass consumed to be 

converted to particle mass, and it is also unlikely that all of the oxidation products formed will 

partition into the particle phase. One major assumption made is that the particle density is 

constant for all particles at 1.23 g/cm3. This is likely to be inaccurate, as the density may vary 



81 
 

depending on the composition of the particles, particle size, duration of UV exposure, or some 

other variables.  
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5.9 Comparison of Results 
Table 20: Comparison of particle formation in experiments using compressed air from the building supply 

 Experiment name 

Complete 

degradation 

Minimal exposure Factorial 

Constant 

recirculation 

time 

Constant 

total time 

Lowest  

fine 

particulate 

matter 

formation 

Highest  

fine 

particulate 

matter 

formation 

Toluene added 

(μL) 

10 9 9 9 15 

UV irradiation time 

(hh:mm:ss) 

01:56:15 00:05:00 00:05:00 00:05:00 00:15:00 

Post-UV recirculation time 

(hh:mm:ss) 

0 00:05:00 00:01:00 00:15:00 00:01:00 

Toluene consumption 

(ng/mL) 

141.36 8.76 16.04 1.22 7.66 

Initial fine particulate matter 

(#/cm3) 

1.748 13.951 6.513 6.126 5.370 

Fine particulate matter 

formed 

(#/cm3) 

1925.632 6.523 7.079 1.210 1449.760 

Particle diameter peak(s) 

(μm) 

1.286 0.542 0.542 0.542 0.542 

Peak particle concentration 

(#/cm3) 

568.822 0.909 0.590 0.176 14.583 

 

There are a number for points of comparison for the various experiments done using compressed 

air from the building supply shown in Table 20. First, it is evident that the particle formation from 

the complete degradation experiment is significantly different from all the other experiments 

with shorter UV exposure times. The particle diameter with the highest concentration is much 

larger for the complete degradation experiment than all the other experiments. In addition, the 

concentration of the particles at that peak, as well as the overall fine particulate matter formation 

is the largest for the complete degradation experiment. This is likely related to the significantly 

longer UV exposure time used in that experiment, which resulted in a significantly larger amount 

of toluene consumption. 
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The factorial experiment with the highest fine particulate matter formation also differed from the 

other experiments in a couple aspects. This experiment had a toluene addition of 15 μL, and 15 

minutes of UV exposure, both of those being more than found in the other factorial experiment 

and the minimal exposure experiments. This experiment yielded a larger amount of fine 

particulate matter formation, as well as a greater peak concentration. This comparison supports 

the conclusion from the analysis of the factorial experiment that the initial toluene concentration 

and duration of UV irradiation both correlate positively with the amount of fine particulate 

matter formation. 

Through all the experiments performed, the UV absorbance of toluene varied only with the 

variation of the concentration of toluene in the system. Since the reactor setup was the same across 

all the experiments, the path length did not change, and since all the experiments used 254 nm 

UV light and toluene, the molar absorptivity also did not change. Thus, the relationship between 

the toluene concentration and the amount of particle formation can likely be attributed to a 

variation in absorbance. At higher concentrations of toluene, the UV absorbance levels are also 

higher, likely resulting in increased toluene degradation, and the observed increase in particle 

formation levels. 

A comparison can also be done with the results from the room air experiments. The effects of air 

filtration and relative humidity can be determined by comparing a set of experiments with all 

other variables consistent. This set of experiments all used 55-85 ng/mL of toluene, 5 minutes of 

UV irradiation, and 1 minute of post-UV recirculation. The results of these experiments are 

compared below in Table 21. 
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Table 21: Comparison of particle formation in for filtered and unfiltered experiments using compressed and room air 

 Filtered 

compressed 

air 

Unfiltered 

compressed 

air 

Filtered room 

air 

Unfiltered 

room air 

Relative humidity 

(%) 
0.01 0.01 15.9 43.2 18.6 33.4 

Initial fine particulate matter 

(#/cm3) 
5.273 

 

9.831 4.502 

 

23.852 

 

42.636 

 

86.485 

 

Fine particulate matter formed 

(#/cm3) 
2.383 

 

1.143 0.048 9.603 

 

-4.202 

 

15.979 

 

Particle diameter peak(s) 

(μm) 
0.542 0.542 0.542 0.542 0.542 0.542 

Peak particle concentration 

(#/cm3) 
0.292 0.546 0.211 1.602 2.132 5.276 

 

 
Figure 31: Comparison of particle increase in for filtered and unfiltered experiments using compressed and room air 

From the comparisons in Table 21, the effects of the different air sources and varying relative 

humidity can be observed. As discussed in Section 4.2.3 Unfiltered Air Experiments, although the 

unfiltered compressed air experiment had a higher amount of fine particulate matter initially 
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present, there was not an increased level of fine particulate matter formation as compared to the 

filtered compressed air experiment. However, it is plausible that there is in the place of particle 

formation, there is increased particle growth in the unfiltered experiment. In addition, in Section 

4.2.4 Room Air Experiments, it was determined that higher levels of relative humidity resulted in 

higher amounts of initial fine particulate matter, as well as increased levels of fine particulate 

matter formation over the duration of the experiment. However, comparing the lower levels of 

relative humidity in the room air experiments to the compressed air experiments shows a 

different trend. The lower humidity level in the filtered room air experiment was 15.9% and 

yielded fine particulate matter formation of 0.048 particles/cm3, while the lower humidity 

unfiltered room air experiment was at a relative humidity of 18.6% and showed fine particulate 

matter formation of -4.202 particles/cm3. These particle formation levels in the room air 

experiments are lower than those of the compressed air experiments, where the filtered and 

unfiltered experiments yielded fine particulate matter formation levels of 2.383 and 1.143 

respectively.  

Particle growth, as shown by the particle increase for each size fraction in Figure 31, was found 

to be similar between the two types of compressed air experiments, and the two types of lower 

humidity room air experiments. However, both the lower humidity experiments showed 

decreases in particle concentration in different particle size fractions, while no significant particle 

concentration decreases were observed for the compressed air experiments. Thus, the reduced 

levels of fine particulate matter formation in the room air experiments are not explained by 

increased levels of particle growth during UV irradiation. These results suggest that there may 

be different factors that influence fine particulate matter formation at different levels of relative 

humidity.  

The results obtained in this work can be compared with existing work done presented in 

literature, as previously summarized in Table 6. The existing work investigated UV light with 

wavelengths of 300-400 nm, whereas this work uses germicidal UV light with a wavelength of 

254 nm. As can be observed in the toluene absorption spectrum in Figure 1, UV light with a 

wavelength of 254 nm falls within a band of higher absorption, while wavelengths of 300-400 nm 
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do not. Thus, if toluene degradation and particle formation can be observed with UV wavelengths 

that have lower absorption, it can be hypothesized that germicidal UV will produce more 

significant amounts of particles. In addition, as mentioned previously, much of the existing work 

presents the amount of particle formation in mass concentration, rather than the number 

concentrations with which this work is concerned. Thus, it is difficult to compare the results, and 

determine the degree of particle formation and growth. In general, the particles observed are 

around the same size, with the majority being smaller than 0.5 μm in diameter. Since the particle 

formation mass calculated in this experiment had a wide variability, as discussed in Section 5.8 

Toluene Mass Balance, comparisons cannot reasonably be made to the literature results. 
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Chapter 6 - Extended Experiments 

6.1 Above-door Germicidal UV System Experiment 

The initial amount of fine particulate matter found in the commercial office bathroom was 33.304 

particles/cm3. This is similar to the initial fine particulate matter concentrations in the unfiltered 

room air experiments in the lab, which had initial particle concentrations ranging from 26.076 - 

86.485 particles/cm3. These initial fine particulate matter levels for bathroom room air are all 

higher than the initial particles present in the filtered compressed gas used in the majority of the 

lab experiments. In the lab, the initial particle concentration from the filtered compressed air 

ranged from 1.280 – 15.291 particles/cm3. 

 
Figure 32: Particle size distribution for above-door UV system experiment 

The particle size distributions for the experiment with the above-door UV disinfection system as 

described in Section 4.2.5 Above-door Germicidal UV System Experiment are shown above in 

Figure 32. It is evident that the particle size distributions before, during, and after UV exposure 

are all very similar in both magnitude and shape. Of particular importance is the fact that the 

only slight variation is that there is slightly higher concentration of the particles in the smallest 

size fraction in the blank sample taken before running the UV system. Thus, it can be concluded 
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that under these normal room conditions, UV irradiation does not result in measurable particle 

formation or growth. 

In comparison to the other experiments performed in this work, this experiment took place in a 

typical office environment, and did not use any added VOCs. Thus, the results from this 

experiment indicate that particle formation is not likely to occur in indoor environments with this 

type of VOC profile. 
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6.2 185 nm UV with Ozone 

Since UV light with a wavelength of 254 nm has proven to promote SOA formation similar to the 

way 300+ nm UV light does, another experiment was done to investigate if even shorter 

wavelengths of UV would also promote particle formation. UV wavelengths shorter than 240 nm 

are not typically used in indoor applications, since these shorter wavelengths tend to promote the 

formation of ozone via the photolysis of O2 (Eliasson and Kogelschatz, 1990) (Kowalski, 2009). 

Ozone is known to cause health problems and reduced air quality, and thus ozone-producing UV 

lamps would not be suitable for indoor air treatment (United States Environmental Protection 

Agency, 2017). However, the presence of ozone is also known to promote the photooxidation of 

VOCs, and thus SOA formation is also promoted (Shen and Ku, 1999). As mentioned earlier, the 

presence of ozone is a very important factor in promoting photooxidation reactions under UV 

light. 

The experiments used a 185 nm ozone-producing UV lamp. The other conditions of the 

experiment were similar to those in the complete degradation experiments using the 254 nm 

lamp. The specifications of the experiment are shown below in Table 22, and the particle size 

distribution is shown in Figure 33. 

Table 22: Specification for toluene degradation experiment with 185 nm ozone-producing lamp 

Liquid toluene addition 10 μL 

Initial gas toluene concentration 86.48 ng/mL 

Length of UV exposure 30.33 minutes 

Fine particulate matter formation 2982.90 particles/cm3 
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Figure 33: Particle size distribution for toluene degradation under 185 nm ozone-producing UV 

It is evident that the presence of ozone with the 185 nm UV lamp resulted in a much faster reaction 

of toluene. The amount of time required for the 254 nm UV lamp to degrade the same amount of 

toluene was approximately 4 times greater than the 185 nm lamp. As seen in the toluene 

absorption spectrum in Figure 1, the absorbance peak is far greater at 185 nm than 254 nm, which 

would cause an increase in the rate of photooxidation. The presence of ozone in this experiment 

may also contribute to the difference in particle formation observed, but likely to a lesser extent 

that difference in absorbance. Another point of note is the difference in the particle size 

distributions from the different UV lamps. With the 254 nm lamp, the most prominent peak was 

around 575 particles/cm3 at a particle diameter of around 1.25 μm, with the 185 nm lamp, the 

primary peak exists at around 215 particles/cm3 with a particle diameter of 0.5 μm. Thus, the use 

of the shorter wavelength ozone-producing UV light results in the formation of particles that are 

much smaller than those formed under 254 nm UV. This formation of smaller particles could also 

be attributed to the shorter duration of UV exposure. 
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6.3 Other VOCs 

There is a large variety of different types of VOCs that can be found in the atmosphere, as well as 

in indoor environments. They can vary vastly in structure and physical properties. Thus, it is 

important to investigate whether or not the particle formation for different types of VOCs are 

relatable to any of their properties or characteristics. 

As part of this work, a complete degradation experiment was done using limonene instead of 

toluene, in order to compare the particle formation. A comparison of some of the properties of 

toluene and limonene is shown below in Table 23, and the absorption spectra are shown in Figure 

34 and Figure 35 respectively. 

Table 23: Comparison of properties of toluene and limonene 

Compound Toluene 

C7H8 

Limonene 

C10H16 

Structure 

 

 
Molecular Mass 92.14 g/mol 136.23 g/mol 

Vapour Pressure 

298 K 

28.4 mmHg 1.98 mmHg 

Boiling Point 

1 atm 

110.8°C 177°C 

Liquid Density 0.86 g/mL 0.84 g/mL 

Absorption Cross Section 

254 nm UV at 298 K 

5.525033 x 10-19 cm2/molecule 1.158295x 10-19 cm2/molecule 

Note: Structure images from National Center for Biotechnology Information; Molecular masses and boiling points 

obtained from Perry and Green (2008); toluene vapour pressure obtained from Daubert and Danner (1989); limonene 

vapour pressure obtained from Yaws (1994); liquid densities obtained from Haynes (2014); toluene absorption cross 

section obtained from Serralheiro et al. (2015); limonene absorption cross section obtained from Smialek et al. (2012) 
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Figure 34: Absorption spectrum for toluene (Data from Serralheiro et al. (2015)) 

 
Figure 35: Absorption spectrum for limonene (Data from Smialek et al. (2012)) 

Toluene and limonene are similar in structure, both being cyclic compounds, as well as liquid 

density. Equal liquid additions of each of these compounds into the reactor will result in similar 

amounts in the gas phase. However, toluene has a lower boiling point, as well as a significantly 
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higher vapour pressure at room temperature than limonene. Thus, toluene is expected to be much 

more volatile than limonene. In addition, the 254 nm UV light absorption cross section of toluene 

is approximately four times greater than that of limonene. The absorption cross section is a 

measure of the ability for a molecule to absorb a photon of a particular wavelength, thus having 

a higher UV cross section means that toluene can be expected to have a higher reaction rate with 

germicidal UV light. 

A set of complete exposure experiments were done testing limonene as the photooxidized VOC. 

As expected, limonene behaved differently from toluene in a number of different aspects. The 

comparisons of the experiments are shown below in Table 24. 

Table 24: Comparison of long exposure experiment results for toluene and limonene 

 Toluene Limonene 

Amount of liquid VOC (μL) 10 10 

Theoretical concentration (ng/mL) 311.45 304.57 

Experiment 1 Initial gas phase concentration 

(ng/mL) 

135.9 16.88 

Time for complete degradation 

(h:mm:ss) 

1:54:00 2:13:00 

Experiment 2 Initial gas phase concentration 

(ng/mL)   

141.36 14.29 

Time for complete degradation 

(h:mm:ss) 

1:56:15 2:40:00 

 

Initially, despite adding the same volume of each of the liquid VOCs to the reactor, the initial 

concentration of gas phase limonene measured was significantly lower than that of toluene. From 

the physical properties in Table 23, this is expected, since toluene has a lower molecular mass, a 

lower boiling point, and a higher vapour pressure. As seen in Table 24, the gas phase 

concentrations achieved in the reactor by the two compounds differ by a degree of magnitude. In 

addition, the experimental yields for both compounds are far lower than the expected gas phase 

concentration if all the liquid VOC added were to be distributed ideally in the gas phase. 

Therefore, this indicates that there may be other factors that are unaccounted for, that play a role 

in how these VOCs transition from the liquid to the gas phase in this reactor. 
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Another significant difference between the two compounds was the amount of UV exposure time 

required to reduce the gas phase VOC concentrations to a negligible amount. Despite the fact that 

the initial amount of limonene present in the gas phase is nearly 10 times lower than toluene, it 

took up to 1.4 times longer to achieve complete limonene degradation. This can be accounted for 

by the difference in absorbance of 254 nm UV light between toluene and limonene. Since the level 

of absorbance depends on the concentration of the VOC, it is likely that the difference in the VOC 

concentration, as well as the absorption cross section for 254 nm UV light contribute to the 

difference in the time required to achieve complete degradation. 

In addition, the particle size distributions from complete degradation of each of the two 

compounds are significantly different. The particle size distributions for the complete 

degradation of toluene and limonene are shown below in Figure 36 and Figure 37 respectively. 

The complete toluene degradation experiment shown in Figure 36 is the same experiment as 

discussed earlier in Figure 13. 

 
Figure 36: Toluene particle size distribution (Experiment 2) 
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Figure 37: Limonene particle size distribution (Experiment 2) 

As is evident from the particle size distributions resulting from the complete photolysis of each 

of the two compounds, toluene and limonene yielded different particle size distributions. Most 

evidently, the two compounds have concentration peaks at different particle sizes. In addition, 

toluene produces a significantly higher number of particles than limonene. Toluene has a primary 

peak of around 575 particles/cm3 at a particle diameter of around 1.5 μm, while limonene has two 

major peaks of around 110 particles/cm3 at a particle diameter of around 1 μm and 90 

particles/cm3 at a particle diameter of around 1.5 μm. One aspect that is common between the 

two experiments is that the vast majority of all the particles measured are smaller than 2.5 μm in 

diameter, therefore they can be classified as fine particulate matter. Overall, these two 

compounds were found to be quite different with respect to particle formation from UV 

photooxidation. 
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Chapter 7 – Conclusions and Recommendations 

7.1 Conclusions 

The goal of this project was to determine the effects of germicidal UV light on SOA formation in 

indoor environments. Using toluene as a representative VOC, a number of experiments were 

performed, exposing an air mixture to 254 nm UV light for specific durations of time. The particle 

size distributions in a filtered compressed air mixture were compared before and after the UV 

exposure to determine whether particle formation had occurred during that time. The minimal 

exposure experiments concluded that significant fine particulate matter formation occurs in as 

little at 5 minutes of UV exposure. In addition, it was found that the amount of fine particulate 

matter formed correlated positively with both the toluene initially present in the system, as well 

as the duration of the UV irradiation. As well, higher initial particle concentrations were observed 

in experiments with higher levels of relative humidity, and these experiments also yielded higher 

levels of fine particulate matter formation. It was also determined that the amount of fine 

particulate matter formed is not significantly affected by the duration of the post-UV 

recirculation, nor by the amount of ambient particulate matter present initially. Overall, it can be 

concluded that SOA formation is promoted by exposure of toluene to germicidal UV light. 
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7.2 Recommendations 

The variables investigated in this work are only a limited selection, and further work needs to be 

done in order to get a more complete understanding of the effects of 254 nm UV light on SOA 

formation. 

7.1.1 Smaller Size Fraction 

One area that could benefit from further investigation is the particle size distribution within the 

smallest size fraction measured by the APS. The APS collect all particles with diameters of less 

than 0.523 microns, and greater than the lower detection limit of 0.3 microns, into one size 

fraction. However, many similar experiments in literature observe the highest concentrations of 

particles in the nanometer size range, suggesting that there is significant portion of the particle 

size distribution that the APS is unable to detect. In addition, looking at the particle size 

distribution graphs, particularly those of the experiments using shorter durations of UV 

exposure, it is evident that a major particle peak occurs close to the lower particle size detection 

limit of the APS. This also suggests that there could be significant concentrations of particles that 

are just smaller than the lower detection limit. Therefore, in order to get a better understanding 

of the mechanisms of particle formation and growth, using an instrument more sensitive to the 

smaller particles would be beneficial. 

7.1.2 Expanding on Variables 

The results of these experiments are limited to the conditions and variables that were tested. In 

order to accurately determine the SOA formation behaviour under a wider variety of 

environments, more work needs to be done on expanding the variables tested. 

One way that this can be done is by expanding the experiments testing the particle formation in 

a room-sized setting. The experiment described in Section 6.1 Above-door Germicidal UV System 

Experiment showed no particle formation. However, it would be useful to see if there is a 

relationship between the initial VOC concentration and particle formation in this type of room 

sized environment. Although similar work has been done with testing indoor UV treatment 
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systems for their germicidal efficiency, it would be beneficial to observe any correlating effects 

on particle size distribution. 

In addition, it would be useful to determine the particle formation levels under lower gas phase 

concentrations of toluene. Since the toluene levels investigated were higher than the 

concentrations typically found in indoor environments, it would be beneficial to investigate the 

particle formation behaviour at typical indoor toluene concentrations. 

Another aspect that would be useful to expand on is the durations of the UV irradiation and the 

post-UV recirculation. In the experiments done, the focus was on single doses of UV light, 

followed by a short recirculation period. However, it may be interesting to observe the effect of 

extended post-UV recirculation periods, or multiple separate UV doses separating by varying 

amounts of recirculation time. This would be more representative of the way indoor air UV 

treatment systems are used. 

7.1.3 Other VOCs 

As mentioned with the set of limonene experiments, it would also be beneficial to investigate the 

SOA formation differences for different VOCs and mixtures of VOCs. There is various existing 

work investigating different SOA formation from various types of VOCs, however comparisons 

of the particle formation properties of different classes of VOCs is limited. Comparisons of 

different types of VOCs with varying properties and structures will allow for a better 

understanding of the major variables affecting SOA formation. 

7.1.4 Particle Composition 

Determining the compounds formed from VOCs that go on to form SOA particles would be 

another area of interest. Analyzing the constituents of the aerosol particles would allow for a 

better understanding of VOC reaction mechanisms that contribute to particle formation and 

growth. Knowledge of what types of compounds make up the SOA particles would also aid in 

developing a more in depth mass balance, as well as making it easier to model and predict SOA 

particle formation. 
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7.1.5 Modelling SOA Particle Formation and Growth 

Upon further development of the variety of VOCs and experimental conditions tested, the results 

may be applied to a model to predict the degree of SOA formation and growth under specific sets 

of conditions. In order to accurately represent SOA particle formation in a model, the model needs 

to be able to account for the different types of products formed via VOC oxidation. Since VOC 

oxidation can either add functional groups to decrease the volatility of the compounds, or cleave 

carbon-carbon bonds to increase their volatility, it is important to consider both of these types of 

reaction pathways when modelling the rate of SOA particle formation (Hallaquist et al, 2009). 

Many existing explicit models consider the types of semivolatile products formed from VOC 

oxidation, and calculate the degree to which each of those will partition into the particle phase 

depending on the composition of the aerosol absorbing mass present (Hallaquist et al., 2009). 

The simpler types of models utilize experimentally-derived equilibrium constants from the 

absorption of gas phase semivolatile compounds into the particle phase (Hallaquist et al., 2009) 

(Odum et al., 1996). However, despite the fact that these types of models have been widely 

employed for many years, they are not able to account for the complex reaction pathways and 

interactive dynamics of SOA systems (Hallaquist et al., 2009). The most complex and rigorous 

explicit models, such as the Master Chemical Mechanism and the NCAR Self-Generating 

Mechanism, are able to account for the products formed by many possible pathways of VOC 

oxidation, as well as the reaction of multiple generations of the products formed, using a library 

of thousands of possible reactions (Hallaquist et al., 2009). However, even the most complex 

existing models are not able to account for all of the continuing reactions that occur in the particle 

phase. 

Many existing models are much more highly specified in terms of variables, and more rigorous 

than the specifications of the work done in this study. In order to employ many models, an 

understanding of the reaction pathways and VOC oxidation products is required. Since this study 

did not investigate the constituents of the SOA particles formed, it would be difficult to apply the 

results to existing models in a meaningful way. Analysis of the constituents of the SOA particles 

after UV exposure would likely provide a framework for using models to particle formation. 
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Appendices 

Appendix A: Data Sets and Graphs 

A-1 Minimal Exposure Experiments 

A-1.1 Data Sets 
Table A-1: Fine particulate matter formation in minimal exposure experiment with constant recirculation time 

Length of UV 

exposure 

(mins) 

Fine particulate matter 

before UV exposure 

(#/cm3) 

Fine particulate matter 

after UV exposure 

(#/cm3) 

Fine particulate 

matter produced 

(#/cm3) 

1 21.29607 22.09458 0.80601437 

2 27.08195 22.81206 -4.25938955 

3 4.779404 2.926942 -1.84846205 

4 5.846384 5.951379 0.105994953 

5 13.95074 20.4735 6.522765088 

10 1.955962 10.1753 8.219336513 

10 4.108416 37.13925 33.03083854 

10 7.662349 23.86704 16.20468831 

15 10.67579 173.8245 163.148699 

 

Table A-2: Fine particulate matter Formation in minimal exposure experiment with constant total time 

Length of UV 

exposure 

(mins) 

Length of post-UV 

recirculation 

(mins) 

Fine particulate 

matter before 

UV exposure 

(#/cm3) 

Fine particulate 

matter after UV 

exposure 

(#/cm3) 

Fine particulate 

matter 

produced 

(#/cm3) 

1 5 21.2960699 22.09458442 0.806014 

2 4 3.781424073 3.895420067 0.113996 

3.25 3 4.811402277 4.220415823 -0.59099 

4 2 6.08387833 6.77186548 0.688487 

5 1 6.513370817 13.59224065 7.07887 

5 1 5.272893023 7.65634623 2.383453 
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A-1.2 Particle Size Distributions 

Note: Some experiments results for the minimal exposure experiments were duplicated in the 

factorial experiments, and the particle size distribution graphs can be found under Appendix A-

2 Factorial Experiment. 

 
Figure A-1: 55-85 ng/mL toluene, 1 minute UV irradiation, 5 minutes post-UV recirculation 

 
Figure A-2: 55-85 ng/mL toluene, 2 minutes UV irradiation, 5 minutes post-UV recirculation 
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Figure A-3: 55-85 ng/mL toluene, 3 minutes UV irradiation, 5 minutes post-UV recirculation 

 
Figure A-4: 55-85 ng/mL toluene, 4 minutes UV irradiation, 5 minutes post-UV recirculation 
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A-1.3 Determination of Significant Particle Formation Level 
Table A-3: Data for analysis of significant particle formation 

Sample Air blank Air blank with toluene Difference 

1 26.30251 21.28857005 -5.01394 

2 2.923442 4.77540389 1.851962 

3 8.134838 5.845384163 -2.28945 

4 5.900883 6.08337834 0.182495 

5 5.657887 4.811402277 -0.84648 

6 3.940923 3.781424073 -0.1595 

7 7.086356 5.272893023 -1.81346 

8 13.98831 13.95073729 -0.03757 

9 1.654468 1.280475043 -0.37399 

10 5.1269 2.36395534 -2.76295 

11 5.127398 6.126376483 0.998979 

12 5.951381 5.370392887 -0.58099 

13 8.127838 8.678326277 0.550488 

14 9.648808 8.073838417 -1.57497 

15 0.970981 2.195956083 1.224975 

16 4.737404 6.513370817 1.775967 

17 3.083438 1.955961767 -1.12748 

18 9.399312 11.36127885 1.961967 

19 9.415312 8.8703195 -0.54499 

20 8.231337 5.860881727 -2.37045 

21 5.622387 5.860381633 0.237994 

22 7.433352 4.10841627 -3.32494 

23 4.778907 8.774326173 3.99542 

24 10.0168 10.67578851 0.658989 

25 7.13836 7.798844117 0.660484 

26 7.677847 7.662349137 -0.0155 

27 1.284976 0.877982773 -0.40699 

28 2.819946 1.631967153 -1.18798 

29 8.512828 8.983320387 0.470492 

 

Mean   -0.34005 

Standard deviation   1.779686 

Minimum significant particle formation 

(#/cm3)   1.439637 
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A-2 Factorial Experiment 

A-2.1 Data Set 
Table A-4: Data set for factorial experiments 

Initial toluene 

level 

Length of 

UV exposure 

(mins) 

Length of 

post-UV 

recirculation 

(mins) 

Initial fine 

particulate 

matter 

(particles/cm3) 

Final fine 

particulate 

matter 

(particles/cm3) 

Fine particulate 

matter 

produced 

(particles/cm3) 

55-85 ng/mL 

(55-85 ng/mL) 

5 

1 6.5134 13.5922 7.0789 

5 13.9507 20.4735 6.5228 

15 2.3640 3.5734 1.2095 

10 

1 8.8703 222.8236 213.9533 

5 

1.9560 

4.1084 

7.6623 

10.1753 

37.1392 

23.8670 

8.2193 

33.0308 

16.2047 

15 7.7988 14.6642 6.8654 

15 

1 1.2805 28.4884 27.2079 

5 10.6758 173.8245 163.1487 

15 2.1960 45.0381 42.8421 

15 μL 

(100-125 ng/mL) 

5 

1 8.0738 16.4242 8.3504 

5 15.2907 97.8686 82.5780 

15 8.6783 13.0840 4.4056 

10 

1 5.8609 24.0625 18.2016 

5 1.6320 262.9523 261.3203 

15 8.9833 68.6551 59.6718 

15 

1 5.3704 1455.1303 1449.7600 

5 5.8604 704.7648 698.9044 

15 6.1264 874.5554 868.4290 
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A-2.2 Particle Size Distributions 

 
Figure A-5: 55-85 ng/mL toluene, 5 minutes UV irradiation, 1 minute post-UV recirculation 

 
Figure A-6: 55-85 ng/mL toluene, 5 minutes UV irradiation, 5 minutes post-UV recirculation 
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Figure A-7: 55-85 ng/mL toluene, 5 minutes UV irradiation, 15 minutes post-UV recirculation 

 
Figure A-8: 55-85 ng/mL toluene, 10 minutes UV irradiation, 1 minute post-UV recirculation 
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Figure A-9: 55-85 ng/mL toluene, 10 minutes UV irradiation, 5 minutes post-UV recirculation (Experiment 1) 

 
Figure A-10: 55-85 ng/mL toluene, 10 minutes UV irradiation, 5 minutes post-UV recirculation (Experiment 2) 
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Figure A-11: 55-85 ng/mL toluene, 10 minutes UV irradiation, 5 minutes post-UV recirculation (Experiment 3) 

 
Figure A-12: 55-85 ng/mL toluene, 10 minutes UV irradiation, 15 minutes post-UV recirculation 
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Figure A-13: 55-85 ng/mL toluene, 15 minutes UV irradiation, 1 minute post-UV recirculation 

 
Figure A-14: 55-85 ng/mL toluene, 15 minutes UV irradiation, 5 minutes post-UV recirculation 
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Figure A-15: 55-85 ng/mL toluene, 15 minutes UV irradiation, 15 minutes post-UV recirculation 

 
Figure A-16: 100-125 ng/mL toluene, 5 minutes UV irradiation, 1 minute post-UV recirculation 
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Figure A-17: 100-125 ng/mL toluene, 5 minutes UV irradiation, 5 minutes post-UV recirculation 

 
Figure A-18: 100-125 ng/mL toluene, 5 minutes UV irradiation, 15 minutes post-UV recirculation 
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Figure A-19: 100-125 ng/mL toluene, 10 minutes UV irradiation, 1 minute post-UV recirculation 

 
Figure A-20: 100-125 ng/mL toluene, 10 minutes UV irradiation, 5 minutes post-UV recirculation 
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Figure A-21: 100-125 ng/mL toluene, 10 minutes UV irradiation, 15 minutes post-UV recirculation 

 
Figure A-22: 100-125 ng/mL toluene, 15 minutes UV irradiation, 1 minute post-UV recirculation 
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Figure A-23: 100-125 ng/mL toluene, 15 minutes UV irradiation, 5 minutes post-UV recirculation 

 
Figure A-24: 100-125 ng/mL toluene, 15 minutes UV irradiation, 15 minutes post-UV recirculation 
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A-2.3 Data for Statistica 11 Analysis 
Table A-5: Data for Analysis in Statistica 11 

Toluene added 

(μL) 

UV irradiation 

(mins) 

Recirculation 

(mins) 

Fine particulate matter produced 

(# of particles/cm3) 

9 5 1 7.07887 

9 5 5 6.522765 

9 5 15 1.209474 

9 10 1 213.9533 

9 10 5 8.219337 

9 10 5 33.03084 

9 10 5 16.20469 

9 10 15 6.865379 

9 15 1 27.20794 

9 15 5 163.1487 

9 15 15 42.84214 

15 5 1 8.35035 

15 5 5 82.57797 

15 5 15 4.405653 

15 10 1 18.20165 

15 10 5 261.3203 

15 10 15 59.67182 

15 15 1 1449.76 

15 15 5 698.9044 

15 15 15 868.429 
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A-3 Unfiltered Air Experiment 

A-3.1 Data Sets 
Table A-6: Initial toluene concentration and initial fine particulate matter levels for compressed air experiments 

 Initial toluene 

concentration (ng/mL) 

Fine particulate 

matter before UV 

(#/cm3) 

Filtered 73.37 21.296 

77.81 27.082 

71.63 4.779 

82.43 5.846 

69.92 6.084 

56.7 4.811 

56.43 3.781 

59 5.273 

Unfiltered 59.24 9.831 

 

A-3.2 Particle Size Distribution 

 
Figure A-25: Unfiltered compressed air, 55-85 ng/mL toluene, 5 minutes UV irradiation, 1 minute post-UV recirculation  
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A-4 Room Air Experiments 

A-4.1 Data Set 
Table A-7: Data for Room Air Experiments 

Room Air Relative 

Humidity (%) 

Fine Particulate 

Matter Before UV 

(#/cm3) 

Fine Particulate 

Matter After UV 

(#/cm3) 

Fine Particulate 

Matter Formation 

(#/cm3) 

Unfiltered 23.8 26.07648 35.39631 9.320 

Unfiltered 33.4 86.48479 102.4635 15.979 

Unfiltered 18.6 42.63566 38.43372 -4.202 

Filtered 15.9 4.502408 4.54991 0.048 

Filtered 16 9.504313 10.46779 0.963 

Filtered 43.2 23.85155 33.45434 9.603 

Filtered 22.7 5.99188 5.19039 -0.801 

 

A-4.2 Particle Size Distributions 

 
Figure A-26: Filtered room air, 15.9% RH, 55-85 ng/mL toluene, 5 minutes UV irradiation, 1 minute post-UV recirculation 
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Figure A-27: Filtered room air, 16.0% RH, 55-85 ng/mL toluene, 5 minutes UV irradiation, 1 minute post-UV recirculation 

 
Figure A-28: Filtered room air, 43.2% RH, 55-85 ng/mL toluene, 5 minutes UV irradiation, 1 minute post-UV recirculation 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 0.5 1 1.5 2 2.5 3

P
ar

ti
cl

e 
co

n
ce

n
tr

at
io

n
 (

#/
cm

3 )

Particle diameter (μm)

Air blank Air blank w tol After hold

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 0.5 1 1.5 2 2.5 3

P
ar

ti
cl

e 
co

n
ce

n
tr

at
io

n
 (

#/
cm

3 )

Particle diameter (μm)

Air blank Air blank w tol After hold



124 
 

 
Figure A-29: Filtered room air, 22.7% RH, 55-85 ng/mL toluene, 5 minutes UV irradiation, 1 minute post-UV recirculation 

 
Figure A-30: Unfiltered room air, 23.8% RH, 55-85 ng/mL toluene, 5 minutes UV irradiation, 1 minute post-UV recirculation 
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Figure A-31: Unfiltered room air, 33.4% RH, 55-85 ng/mL toluene, 5 minutes UV irradiation, 1 minute post-UV recirculation 

 
Figure A-32: Unfiltered room air, 18.6% RH, 55-85 ng/mL toluene, 5 minutes UV irradiation, 1 minute post-UV recirculation  
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A-5 Toluene Mass Balances 
Table A-8: Data for toluene mass balances 

Experiment 

specifications 

Toluene mass (μg) Particle mass (μg) Mass balance 

(μg) 

(total initial 

mass – total 

final mass) 

Initial Final Amount 

consumed 

Initial Final Amount 

formed 

55-85 ng/mL toluene 

5 mins UV 

1 min post-UV 

recirculation 

2135.079 1712.281 422.798 259.924 258.443 -1.481 424.279 

55-85 ng/mL toluene 

5 mins UV 

5 mins post-UV 

recirculation 

2027.798 1796.893 230.905 278.371 770.816 492.446 -261.541 

55-85 ng/mL toluene 

5 mins UV 

15 mins post-UV 

recirculation 

1921.308 1889.150 32.158 78.910 74.070 -4.840 36.998 

55-85 ng/mL toluene 

10 mins UV 

1 min post-UV 

recirculation 

1830.896 1731.523 99.373 145.240 3601.190 3455.950 -3356.576 

55-85 ng/mL toluene 

10 mins UV 

5 mins post-UV 

recirculation 

1854.092 1574.687 279.405 208.670 746.015 537.344 -257.939 

55-85 ng/mL toluene 

10 mins UV 

5 mins post-UV 

recirculation 

2002.493 1408.625 593.868 101.719 584.082 482.362 111.505 

55-85 ng/mL toluene 

10 mins UV 

5 mins post-UV 

recirculation 

1583.122 1566.779 16.342 679.238 468.132 -211.105 227.448 

55-85 ng/mL toluene 

10 mins UV 

15 mins post-UV 

recirculation 

1483.748 1424.704 59.044 150.542 275.919 125.377 -66.333 

55-85 ng/mL toluene 

15 mins UV 

1 min post-UV 

recirculation 

1730.468 1596.307 134.431 69.241 694.498 625.256 -490.825 

55-85 ng/mL toluene 

15 mins UV 

5 mins post-UV 

recirculation 

1673.533 1598.410 75.123 1069.711 4136.007 3066.296 -2991.173 

55-85 ng/mL toluene 

15 mins UV 

1942.658 1518.015 424.644 230.681 608.790 378.108 46.535 
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15 mins post-UV 

recirculation 

100-125 ng/mL toluene 

5 mins UV 

1 min post-UV 

recirculation 

2876.821 2557.614 319.208 185.010 331.087 146.076 173.131 

100-125 ng/mL toluene 

5 mins UV 

5 mins post-UV 

recirculation 

3261.135 3214.216 46.919 282.741 1921.105 1638.364 -1591.445 

100-125 ng/mL toluene 

5 mins UV 

15 mins post-UV 

recirculation 

3166.770 3120.378 46.392 180.730 245.634 64.903 -18.512 

100-125 ng/mL toluene 

10 mins UV 

1 min post-UV 

recirculation 

2939.292 2794.054 145.238 394.211 418.728 24.517 120.721 

100-125 ng/mL toluene 

10 mins UV 

5 mins post-UV 

recirculation 

2757.942 2582.918 175.024 22.292 5367.915 5345.624 -5170.600 

100-125 ng/mL toluene 

10 mins UV 

15 mins post-UV 

recirculation 

2959.061 2890.528 68.533 229.07 1121.426 892.352 -823.818 

100-125 ng/mL toluene 

15 mins UV 

1 min post-UV 

recirculation 

3116.425 2914.515 201.910 112.963 12672.785 126859.82

1 

-126657.912 

100-125 ng/mL toluene 

15 mins UV 

5 mins post-UV 

recirculation 

2781.665 2516.230 265.435 102.084 34114.717 34012.632 -33747.197 

100-125 ng/mL toluene 

15 mins UV 

15 mins post-UV 

recirculation 

2741.072 2499.360 241.712 114.114 45204.645 45090.532 -44848.819 
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Appendix B: Supplemental Information 

B-1 VOC Concentrations in Indoor Environments 
Table A-9: Statistics of VOC concentrations in home or school environments (Cometto-Muñiz and Abraham, 2015) 

 

 



129 
 

 

 



130 
 

Table A-10: Statistics of VOC concentrations in commercial environments (Cometto-Muñiz and Abraham, 2015) 
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B-2 UV Irradiance Rate in Reactor Calculation 
Table A-11: Overview of calculations of UV irradiance in reactor 

 

Table A-12: Calculations for UV irradiance in reactor 

Height 

above 

lamp mid-

point (cm) 

Radial Distance (cm) 

0.50 0.98 1.47 1.95 2.43 2.91 3.40 3.88 4.36 4.84 5.33 5.81 6.29 6.77 7.26 7.74 8.22 8.70 9.19 9.67 10.15 

40.65 0.123 0.062 0.041 0.031 0.025 0.021 0.018 0.015 0.014 0.012 0.011 0.010 0.009 0.009 0.008 0.007 0.007 0.007 0.006 0.006 0.006 

40.15 0.184 0.081 0.050 0.036 0.028 0.023 0.019 0.017 0.015 0.013 0.012 0.011 0.010 0.009 0.008 0.008 0.007 0.007 0.006 0.006 0.006 

39.65 0.209 0.094 0.057 0.041 0.031 0.025 0.021 0.018 0.016 0.014 0.012 0.011 0.010 0.009 0.009 0.008 0.008 0.007 0.007 0.006 0.006 

39.15 0.220 0.102 0.063 0.044 0.034 0.027 0.022 0.019 0.017 0.015 0.013 0.012 0.011 0.010 0.009 0.008 0.008 0.007 0.007 0.006 0.006 

38.65 0.226 0.107 0.067 0.047 0.036 0.029 0.024 0.020 0.017 0.015 0.014 0.012 0.011 0.010 0.009 0.009 0.008 0.008 0.007 0.007 0.006 

38.15 0.230 0.110 0.069 0.049 0.038 0.030 0.025 0.021 0.018 0.016 0.014 0.013 0.012 0.011 0.010 0.009 0.008 0.008 0.007 0.007 0.006 

37.65 0.233 0.112 0.071 0.051 0.039 0.031 0.026 0.022 0.019 0.017 0.015 0.013 0.012 0.011 0.010 0.009 0.009 0.008 0.008 0.007 0.007 

37.15 0.234 0.114 0.073 0.052 0.040 0.032 0.027 0.023 0.020 0.017 0.015 0.014 0.012 0.011 0.010 0.010 0.009 0.008 0.008 0.007 0.007 

36.65 0.236 0.115 0.074 0.054 0.041 0.033 0.028 0.023 0.020 0.018 0.016 0.014 0.013 0.012 0.011 0.010 0.009 0.009 0.008 0.007 0.007 

36.15 0.237 0.116 0.075 0.054 0.042 0.034 0.028 0.024 0.021 0.018 0.016 0.015 0.013 0.012 0.011 0.010 0.009 0.009 0.008 0.008 0.007 

35.65 0.238 0.117 0.076 0.055 0.043 0.035 0.029 0.025 0.021 0.019 0.017 0.015 0.013 0.012 0.011 0.010 0.010 0.009 0.008 0.008 0.007 

35.15 0.238 0.118 0.076 0.056 0.043 0.035 0.029 0.025 0.022 0.019 0.017 0.015 0.014 0.013 0.011 0.011 0.010 0.009 0.008 0.008 0.007 

Average Irradiance Rate Calculations for Batch UV reactor, based on Bolton's (2000) report of Blatchley's (1997) closed 

form equation 

(Ignores reflection and refraction effects) 

Lamp Length  81.3 cm  
Distance minimum 0.5 cm radial 

Distance maximum 10.15 cm radial 

Height/Length 81.3 cm reactor height or length (depending on orientation) 

Max Height 40.65 cm above lamp middle 

Min Height 40.65 cm below lamp middle 

Lamp Power 40 W  at 254 nm 

Volume average irradiance rate 19.52 mW/cm2  
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34.65 0.239 0.118 0.077 0.056 0.044 0.036 0.030 0.025 0.022 0.019 0.017 0.015 0.014 0.013 0.012 0.011 0.010 0.009 0.009 0.008 0.008 

34.15 0.239 0.119 0.078 0.057 0.044 0.036 0.030 0.026 0.022 0.020 0.018 0.016 0.014 0.013 0.012 0.011 0.010 0.009 0.009 0.008 0.008 

33.65 0.240 0.119 0.078 0.057 0.045 0.036 0.030 0.026 0.023 0.020 0.018 0.016 0.014 0.013 0.012 0.011 0.010 0.010 0.009 0.008 0.008 

33.15 0.240 0.119 0.078 0.058 0.045 0.037 0.031 0.026 0.023 0.020 0.018 0.016 0.015 0.013 0.012 0.011 0.010 0.010 0.009 0.009 0.008 

32.65 0.241 0.120 0.079 0.058 0.045 0.037 0.031 0.027 0.023 0.020 0.018 0.016 0.015 0.014 0.012 0.011 0.011 0.010 0.009 0.009 0.008 

32.15 0.241 0.120 0.079 0.058 0.046 0.037 0.031 0.027 0.023 0.021 0.018 0.017 0.015 0.014 0.013 0.012 0.011 0.010 0.009 0.009 0.008 

31.65 0.241 0.120 0.079 0.058 0.046 0.037 0.032 0.027 0.024 0.021 0.019 0.017 0.015 0.014 0.013 0.012 0.011 0.010 0.009 0.009 0.008 

31.15 0.241 0.121 0.079 0.059 0.046 0.038 0.032 0.027 0.024 0.021 0.019 0.017 0.015 0.014 0.013 0.012 0.011 0.010 0.010 0.009 0.008 

30.65 0.242 0.121 0.080 0.059 0.046 0.038 0.032 0.027 0.024 0.021 0.019 0.017 0.016 0.014 0.013 0.012 0.011 0.010 0.010 0.009 0.009 

30.15 0.242 0.121 0.080 0.059 0.046 0.038 0.032 0.028 0.024 0.021 0.019 0.017 0.016 0.014 0.013 0.012 0.011 0.010 0.010 0.009 0.009 

29.65 0.242 0.121 0.080 0.059 0.047 0.038 0.032 0.028 0.024 0.021 0.019 0.017 0.016 0.014 0.013 0.012 0.011 0.011 0.010 0.009 0.009 

29.15 0.242 0.121 0.080 0.059 0.047 0.038 0.032 0.028 0.024 0.022 0.019 0.017 0.016 0.015 0.013 0.012 0.011 0.011 0.010 0.009 0.009 

28.65 0.242 0.121 0.080 0.059 0.047 0.038 0.032 0.028 0.025 0.022 0.019 0.018 0.016 0.015 0.013 0.012 0.012 0.011 0.010 0.009 0.009 

28.15 0.242 0.121 0.080 0.059 0.047 0.039 0.033 0.028 0.025 0.022 0.020 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.010 0.009 0.009 

27.65 0.242 0.122 0.080 0.060 0.047 0.039 0.033 0.028 0.025 0.022 0.020 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.010 0.010 0.009 

27.15 0.243 0.122 0.080 0.060 0.047 0.039 0.033 0.028 0.025 0.022 0.020 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.010 0.010 0.009 

26.65 0.243 0.122 0.081 0.060 0.047 0.039 0.033 0.028 0.025 0.022 0.020 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.010 0.010 0.009 

26.15 0.243 0.122 0.081 0.060 0.047 0.039 0.033 0.028 0.025 0.022 0.020 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.010 0.010 0.009 

25.65 0.243 0.122 0.081 0.060 0.047 0.039 0.033 0.029 0.025 0.022 0.020 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.010 0.010 0.009 

25.15 0.243 0.122 0.081 0.060 0.048 0.039 0.033 0.029 0.025 0.022 0.020 0.018 0.017 0.015 0.014 0.013 0.012 0.011 0.011 0.010 0.009 

24.65 0.243 0.122 0.081 0.060 0.048 0.039 0.033 0.029 0.025 0.022 0.020 0.018 0.017 0.015 0.014 0.013 0.012 0.011 0.011 0.010 0.009 

24.15 0.243 0.122 0.081 0.060 0.048 0.039 0.033 0.029 0.025 0.022 0.020 0.018 0.017 0.015 0.014 0.013 0.012 0.011 0.011 0.010 0.009 

23.65 0.243 0.122 0.081 0.060 0.048 0.039 0.033 0.029 0.025 0.023 0.020 0.018 0.017 0.015 0.014 0.013 0.012 0.011 0.011 0.010 0.009 

23.15 0.243 0.122 0.081 0.060 0.048 0.039 0.033 0.029 0.025 0.023 0.020 0.018 0.017 0.015 0.014 0.013 0.012 0.011 0.011 0.010 0.009 

22.65 0.243 0.122 0.081 0.060 0.048 0.039 0.033 0.029 0.025 0.023 0.020 0.018 0.017 0.015 0.014 0.013 0.012 0.011 0.011 0.010 0.010 

22.15 0.243 0.122 0.081 0.060 0.048 0.040 0.034 0.029 0.026 0.023 0.020 0.019 0.017 0.016 0.014 0.013 0.012 0.012 0.011 0.010 0.010 

21.65 0.243 0.123 0.081 0.060 0.048 0.040 0.034 0.029 0.026 0.023 0.020 0.019 0.017 0.016 0.014 0.013 0.012 0.012 0.011 0.010 0.010 

21.15 0.243 0.123 0.081 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.014 0.013 0.012 0.012 0.011 0.010 0.010 

20.65 0.243 0.123 0.081 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.014 0.013 0.012 0.012 0.011 0.010 0.010 

20.15 0.243 0.123 0.081 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.014 0.013 0.013 0.012 0.011 0.010 0.010 

19.65 0.243 0.123 0.081 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.013 0.013 0.012 0.011 0.010 0.010 
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19.15 0.244 0.123 0.081 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.013 0.013 0.012 0.011 0.010 0.010 

18.65 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.010 0.010 

18.15 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.010 0.010 

17.65 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.010 0.010 

17.15 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.010 0.010 

16.65 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.010 0.010 

16.15 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

15.65 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

15.15 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.029 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

14.65 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

14.15 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

13.65 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

13.15 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

12.65 0.244 0.123 0.082 0.061 0.048 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

12.15 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

11.65 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

11.15 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.017 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

10.65 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

10.15 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

9.65 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

9.15 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

8.65 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

8.15 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

7.65 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

7.15 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

6.65 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

6.15 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

5.65 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

5.15 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

4.65 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

4.15 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 
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3.65 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

3.15 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

2.65 0.244 0.123 0.082 0.061 0.049 0.040 0.034 0.030 0.026 0.023 0.021 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.011 0.010 

                      

Average 0.239 0.119 0.079 0.058 0.046 0.038 0.032 0.028 0.024 0.022 0.019 0.018 0.016 0.015 0.014 0.013 0.012 0.011 0.010 0.010 0.009 

Radius x 

Average 0.12 0.117 0.115 0.113 0.112 0.11 0.109 0.107 0.106 0.104 0.103 0.102 0.101 0.099 0.098 0.097 0.096 0.095 0.094 0.093 0.092 

 


