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Chapter 1 

Introduction 

 

 Secondary organic aerosols (SOA) are formed in the atmosphere by the photo-oxidation of 

organic species e.g. volatile organic compounds (VOC’s).Currently there are over 100000 known gas-

phase atmospheric organic species and this may even be a small fraction of the actual value. There are 

over 500 different atmospheric transformation reactions that can occur to form SOA, ozone and other 

pollutants. Many studies have taken place to gain understanding of SOA formation. However, organic 

aerosol is very complex and stemming from the complexity of the photo-oxidation as well as gas-to-

particle partitioning (Jimenez et al., 2009). 

 During this work a Potential Aerosol Mass (PAM) chamber was used to study SOA 

formation. Potential aerosol mass refers to the maximum mass than can be produced from precursor 

gases being oxidised inside the chamber (Kang et al., 2007). Two UV lamps positioned inside the 

chamber produce the oxidants O3 (ozone), OH (hydroxyl) and HO2 (hydroperoxyl) through photolysis 

of O2 and H2O. The PAM chamber utilises a continuous flow through this highly oxidised 

environment to allow a short residence time. Precursor gases are oxidised to form low volatility 

compounds (LVOC’s), which leads to aerosol number formation. The oxidant concentration can be 

adjusted by varying the UV lamp voltage and relative humidity. The ratio between the oxidants and 

the precursors inside the PAM chamber are similar to the atmosphere but the concentration is ~1000 

times higher than the atmospheric level. This allows the PAM chamber to simulate atmospheric 

oxidation and SOA formation that can take seconds to weeks in just a few minutes inside the reactor. 

 The aim of this thesis was to perform experiments focused on simulated atmospherical aging, 

particle loss rates, residence time, exposure rate and numerous more were undertaken to characterise 

the PAM chamber. In addition, the main scientific experiment involved the determination of the 

simulated aging and photochemical processes the PAM chamber produces. This is done by calculating 

the measured SOA yield of various natural and anthropogenic hydrocarbons. These experiments were 

undertaken whilst adjusting the technical parameters such as temperature, relative humidity, flow rate 

and simulated aging of the PAM chamber. The characterisation of the PAM chamber shows that it is 

capable of simulating weeks of atmospheric aging but also the photochemical oxidation pathways that 

occur during SOA formation. 
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Chapter 2 

Theory 

2.1 Secondary Organic Aerosol 

 

An aerosol is defined as a dispersion of liquid or solid particles suspended in a gaseous 

medium (Hinds, 1999). Ambient aerosols are complex and have both scattering and absorptive 

properties which both combine for a direct effect on radiation balance. The global energy balance is 

an important way of keeping track on the Earth’s mean temperature. Water vapour is the most 

influential greenhouse gas in the atmosphere, together with clouds it contributes around 80% of the 

greenhouse effect. Water vapour and clouds are most important in the boundary layer and 

troposphere, where they absorb 17% of solar radiation. However, many more constituents are 

important for the trapping of longwave radiation. These include carbon dioxide, methane, ozone, 

nitrous dioxide to mention a few (L.Hartmann, 1994). In the stratosphere, ozone is the most important 

greenhouse gas and occasionally SO2 which transforms into H2SO4 through photo-oxidation. During 

volcanic eruptions the magnitude of SO2 in the stratosphere increases, which also increases the optical 

depth in the stratosphere. The SO2 will be oxidized in the atmosphere for up to 6 months where it will 

undergo reactions with OH and then H2O resulting in sulfuric acid. Due to the long lifetime of 

particles in the stratosphere and because of less mixing, they can reside for 1-2 years before falling 

back down to the troposphere where they are deposited by precipitation or surfaces. During their time 

in the stratosphere they can make a huge difference in the global radiation budget, mostly for cooling 

by absorbing or reflecting solar radiation. For example an observed cooling of 0.5-0.6 °C was seen for 

Mt. Pinatubo’s eruption in 1991 (Stephen Self, 1999).  

Gaining a greater understanding of how particle and substance lifetimes change in the 

atmosphere is crucial. Aerosol dynamical processes are important when discussing lifetimes and can 

differ for location in the atmosphere or with conditions such as temperature and humidity. Nucleation 

is one of the most important dynamical process for secondary aerosol formation and is easily 

distinguishable as a rapid increase in particle number concentration. Condensation   on pre-existing 

aerosol particles forms secondary aerosol mass. Condensation depends on the vapour pressure and 

activity of the compound. Coalescence is the process of particles forming a single larger aerosol of 

spherical shape. Aggregation occurs after coagulation as the process where aerosol particles collide 

together to form chains of particles.  There are many reasons for coagulation including turbulence, 

Brownian motion, electrical forces etc. As a particle sink, deposition is important to consider and 

comes in two forms, wet and dry. Dry deposition occurs when a particle collides and is collected on a 

surface. This can occur due to gravity, impaction, interception, turbulence and brownian motion. Wet 

deposition or scavenging is the process by which aerosol particles are taken out of the atmosphere by 

rain or fog.   
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Aerosols also have an indirect effect which involves clouds. The aerosol particles can alter 

cloud lifetime and cloud albedo (degree of incident solar radiation that is reflected back into space by 

the cloud (Seinfeld and Pandis, 2006)). The particles form cloud nuclei (ice nuclei if cold enough) or 

seeds for cloud droplets. The cloud droplets size and number are effected by the size and composition 

of the aerosol distribution, which then effects the clouds albedo and lifetime. For example, in a clean 

environment there may be a lower aerosol number concentration, so fewer but larger cloud droplets 

which form a cloud with a shorter lifetime and a lower albedo (Hansen et al., 2000). In a polluted 

environment there are additional but smaller droplets, which creates a cloud with a longer lifetime and 

higher albedo. According to the latest IPCC report, indirect aerosol effects contribute a cooling effect 

to net climate forcing but aerosols still contribute the largest uncertainty to the total radiative forcing 

estimate (IPCC, 2014). Visibility is also another after effect of the interaction between aerosols and 

radiation. This effect is most prominent in big cities but can also be strong in rural areas where the 

potential for biogenic VOC release is large (Finlayson-Pitts, 2000;Seinfeld and Pandis, 2006;Sloane et 

al., 1991) . 

Small aerosols on the scale of 2.5 micron or PM2.5 (Particulate matter) and especially ultrafine 

particles have been found to have detrimental effects on human health.  These particles are small 

enough to be inhaled deeply into the lungs and to cause cardiovascular, pulmonary diseases and 

mortality with a consistent association with long time PM exposure (III and Dockery, 2006). SOA 

may also contribute substantially to mortality and high summer PM concentrations are related to high 

concentrations of SOA (Baltensperger et al., 2008). Regardless of the evidence there are still many 

disparities in the knowledge and understanding of aerosol sources, atmospheric transformation and 

properties, that are needed to verify and mitigate their impact.  

 

Figure 1: VOC oxidation processes. 
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Most ambient aerosols found in the atmosphere are polydisperse, meaning that they contain 

particles with a wide range of sizes. Aerosols can also be made from the particles of the same 

diameter meaning monodisperse. These aerosols are generally produced in the laboratory and can be 

used e.g. to calibrate instruments. The components that atmospheric aerosol generally contain consists 

of organics, elemental carbon, sulphate, nitrate and ammonium, for the finer particles. Mineral dust 

and sea salt then typically make up the majority of the coarse particles. Approximately 60-80% 

atmospheric aerosol mass can be explained by organics (Jimenez et al., 2009), then 10-50% of fine 

PM consists of organic compounds (Park, 2005). Organic aerosol (OA) particles can also be split into 

two different categories, in the case of this thesis, primary and secondary, POA and SOA, 

respectively. POA is generally understood to be particles that are released directly into the atmosphere 

e.g. from emission sources such as traffic and biomass burning (Hoyle et al., 2009). Biomass burning 

can be considered as the largest global source of primary organic aerosol (Liousse et al., 1996). SOA 

is the PM that is formed through atmospheric transformation of organic species e.g. VOC’s and up to 

50-85% of the total OA can be SOA (Glasius and Goldstein, 2016). 

Carbonaceous aerosols generally contain carbon and e.g. hydrogen, nitrogen, oxygen and 

sulphur compounds. Carbonaceous aerosols can be further categorized as elemental carbon (EC) (also 

known as black carbon) and organic carbon (OC). The OC can be emitted straight to the atmosphere 

as POA or it can be produced in the atmosphere when gases are transformed into SOA via oxidation 

or condensation. EC is emitted by combustion processes, such as the combustion of fossil fuels e.g. 

diesel engines. The EC to OC ratio can be used as the signal of different combustion origins, and this 

is useful for source allocation. EC can be used as a tracer for primary combustion generated OC 

because both primary EC and OC are usually emitted from the same source. When SOA is formed, it 

increases the concentration of ambient OC, therefore increasing the ratio of ambient OC in the 

ambient air. This means OC to EC ratios that surpass the anticipated primary emission ratio are an 

indication of SOA formation. 

SOA is the main topic of this thesis and it is formed from the gas phase oxidation of the OH 

radical and/or ozone and other oxidants with VOC’s (Figure 1). VOC’s are carbon based compounds 

that have high enough vapour pressure to be gas phase vapours in the atmosphere and come in 

thousands of different varieties from many different sources (Hellén, 2006). Between 104 and 105 

different organic species have been measured which may only be a small number of the fraction 

actually present (Goldstein and Galbally, 2007). VOC’s are then oxidised in the gas-phase and form 

lower volatility organics such as semi volatile-oxidized organic aerosol (SV-OOA) and LV-OOA. 

SOA can also be formed from the formation of extremely low-volatility vapours (ELVOC’s) that are 

produced from various biogenic VOC’s such as monoterpenes (Ehn et al., 2014). Hydrocarbon-like 

organic aerosol (HOA) can be used as a tracer for POA as it represents the portion of OA that is not 
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oxidised (HOA) and relates closely to POA. LV-OOA and SV-OOA are the two subgroups of OOA 

and they differ in oxidation and volatility (Jimenez et al., 2009). LV-OOA represents highly oxidised 

OA which is indicated by f44 (ratio of m/z 44 to total signal in the component organics mass spectrum 

(Ng et al., 2011)) determined by aerosol mass spectrometry, it also has lower volatility and vapour 

pressure which makes it more likely to transition into the particle phase. SV-OOA represents less 

oxidised fresher aerosol with high volatility and vapour pressure, which means it is more likely to stay 

in the gas phase and undergo reversible partitioning. 

As the SOA transforms in the atmosphere it may evolve through different processes that 

produce different outcomes. The main processes studied throughout the PAM characterisation are 

functionalisation, fragmentation and accretion/oligomerization reactions. Functionalization is defined 

as the addition of a certain type and number of functional groups for a certain parent VOC at each 

generation of reaction i.e. polar functional groups are added to the carbon skeleton [Jesse H. Kroll, 

2011]. Functionalization acts to increase the oxygen content by the addition of these oxygen 

containing functional groups [Kroll et al., 2009], there is no change in carbon number. 

Functionalization lowers the vapour pressure and may lead to a transition into the particle phase. 

Fragmentation occurs at higher UV intensities when the C-C bonds break apart creating two separate 

organic species (carbon number reduction) with increased vapour pressure (Chacon-Madrid and 

Donahue, 2011). This can be seen as a decrease in mass concentration and increase in number 

concentration (Kroll et al., 2009). Both of these processes occur in the gas phase. 

During atmospheric transformation species can undergo numerous reactions which lead to 

different types of SOA being produced. Accretion reactions are a term used for the generalisation of 

the numerous reactions that occur to increase the mass of atmospheric organic molecules, particularly 

by the addition of other organic molecules (Barsanti and Pankow, 2004). Accretion reactions lead to 

an increase in carbon number and a dramatic drop in the volatility and vapour pressure of the organic 

molecule. Therefore condensation into the particle phase becomes more pronounced. 

Accretion/oligomerization reactions are association reactions in the condensed phase. They lead to an 

increase in carbon number with no change in O:C. However it is believed that oligomerization is 

difficult to study due to extensive fragmentation by the aerosol mass spectrometer (AMS) (Kang et 

al., 2011). 

Multiple products with much lower volatilities than that of the parent hydrocarbon (HC) are 

formed from the atmospheric oxidation of VOC’s (Seinfeld, 2001). The system can become saturated 

for a combination of products, once gas phase condensable mixtures have built up enough. Gas phase 

compounds will condensate as this process continues and this condensable PM, by the process of 

absorption, will attach itself to POA that is present in the atmosphere. The result of PM formed this 

way is SOA. However the aerosol still remains varied in the atmosphere, it may continue 
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transformation through photochemical oxidation or reverse partition again. VOC’s contribute to the 

majority of global SOA formation and are emitted from both anthropogenic and biogenic sources 

(Glasius and Goldstein, 2016). Anthropogenic sources include emissions and industrial processes of 

which traffic is the biggest source. Some aromatic hydrocarbons can be carcinogenic and toxic and 

include the VOC’s toluene and 1,2,4 trimethylbenzene which are studied here. The biogenic sources 

are predominantly plants and vegetation, of which isoprene is the biggest source along with 

monoterpenes and sesquiterpenes(Guenther et al., 2006). Biogenic VOC emissions are much higher 

than anthropogenic, with biogenic contributing between 2.5-44.5 Tg of organic matter per year, 

whereas anthropogenic VOC sources may only emit 0.05-2.62 Tg per year (Tsigaridis and Kanakidou, 

2003). The biogenic emissions are dependent on the type of vegetation, leaf age, temperature, soil 

moisture, atmospheric composition and numerous other parameters (Guenther et al., 2006). Isoprene 

emissions are predicted to increase in the future due to climate change (Lin et al., 2016). This shows a 

large uncertainty in the VOC emissions which emphasizes the lack of knowledge for SOA production. 

SOA processes are still not widely understood and many questions still remain (Glasius and 

Goldstein, 2016;La et al., 2016). It is influenced by many things e.g. precursor amount, oxidant 

concentration, oxidation lifetime, mixing of air masses and condensation of other substances. 

2.2 PAM Chamber 

 

Figure 2: Side orientation schematic diagram of the PAM chamber. 

 

The definition of PAM i.e. Potential Aerosol Mass is the maximum aerosol mass that is 

produced from precursor gases being oxidized (E.Kang, 2007). The PAM chamber was developed at 

the Pennsylvania State University in William Brune’s group. The chamber is approximately 13 litres 

in volume and constructed from conductive aluminium which helps reduce loss of charged particles 

that would build up if teflon were used. While it is comparable to many larger smog chambers 

(Nordin et al., 2013) it may provide more benefits for aerosol mass production. However smog 
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chambers provide more information regarding the formation process as the SOA builds up slowly 

(Bruns et al., 2015). The PAM chamber works with high oxidation levels of O3 (27000ppb), OH 

(2.23E+12 molecules cm-3 s) & HO2 together with a short residence time and small volume to simulate 

the atmospheric oxidation process in a rapid manner. The oxidant ratios of OH/HO2 and OH/O3 are 

very similar to what is found in the atmosphere, although the concentration is much higher (1000-

fold) than typical atmospheric levels (E.Kang, 2007). Several days or even weeks of atmospheric 

aging can be simulated in a timespan of a few minutes due to the accelerated secondary organic 

aerosol formation processes (Karjalainen et al., 2015). 

A simple view of OA oxidation is that as OH exposure increases, so does the OA mass 

concentration as VOC’s are oxidized to lower volatility compounds. However this may only occur up 

to a certain limit as further oxidation may cause fragmentation and therefore a loss in OA aerosol 

mass concentration as the carbon bonds are broken (Kang et al., 2011). This process is seen many 

times during experiments and has been described previously in section 2.1. 

 

The PAM chamber is constructed to reduce the particles lost to its walls because of its small 

surface area to volume ratio (Lambe et al., 2011a). However all chambers have walls that cause 

particle loss, which effects particle growth and composition due to its influence on the chemistry of 

semi volatile organics. Therefore no chamber is a perfect simulator of the atmosphere (Matsunaga and 

Ziemann, 2010). 

2.2.1 PAM Chamber Chemistry 

 

 Hydroxyl radical (OH) and Hydroperoxyl (HO2) are generated in the chamber by H2O 

photolysis and O3 is produced by O2 photolysis. 

Oxidant reactions through photolysis (Finlayson-Pitts, 2000;Palm et al., 2015): 

 

O2 + hν(185nm) → 2O(3P) (1) 

O2 + O(3P) → O3 (2) 

 H2O + hν(185nm) → OH + H  (3) 

O3 + hν(254nm) → O2 + O(1D)   (4) 

O(1D) + H2O → 2OH  (5) 

H + O2 → HO2   (6) 

 

All of the oxidants O3, OH & HO2 were generated inside the chamber when the UV lamps 

were switched on. The lamp surroundings are purged with N2 (AGA, Type 6, 99.98% purity) to 
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prevent ozone formation outside of the chamber and to purge away any out-gassing from inside the 

lamp housing or the chamber. The mercury UV lamps operate at two wavelengths, 185 & 254nm due 

to the use of teflon sleeves around the lamps. This mode of operation is referred to as OFR185.  

O3 is a key oxidant for tropospheric chemistry and is both highly reactive and toxic 

(Finlayson-Pitts, 2000). It has a relatively small tropospheric mixing ratio of around 10ppb, however 

it is mostly situated in the stratosphere (about 90%) where its mixing ratio can peak at mixing ratios 

over 10ppm (Seinfeld and Pandis, 2006). O3 then helps to create OH because it generates 

electronically excited oxygen atoms when it absorbs UV which go on to produce OH. OH is highly 

reactive and therefore has a short lifetime in the atmosphere, nevertheless it is an important part of 

radical chemistry. OH does not react with O2 which means that it is therefore available to react with 

all other atmospheric species (Seinfeld and Pandis, 2006). The biggest source of OH is from reaction 

(5) above which means that it is dependent on the water vapour content. In the atmosphere OH also 

reacts with NO but the ultraviolet light provided by the lamps is not the right wavelength to initiate 

this reaction. OH and HO2 are called HOx together and both play central roles in atmospheric 

chemistry. On local to global scales the OH radical acts as the most influential cleansing agent and 

oxidizer in the atmosphere (Martinez, 2003). In almost all of the chemically complex pathways in the 

atmosphere, HOx participates or even initiates (Mao et al., 2009). 

There is no need for an external O3 generator as enough O3 is produced inside the PAM 

chamber with the lamps provided and extra OH is produced as O3 increases. Therefore OH 

concentration can be controlled by adjusting the UV lamp voltage via an adjustable voltage supply. 

OH concentration and exposure is quantified by measuring the decrease in a calibration gas, in this 

case SO2 was used (see section 4.1.3). This decrease is due to reactions with OH at certain O3 

concentrations along with lamp intensities. The oxidant exposure is the key parameter for calculating 

atmospheric aging and it can be found by integrating the oxidant concentration over time.  

 

SOA Yield  

The amount of secondary organic aerosol generated from oxidation of the precursor is 

depicted by SOA yield, that can be calculated as follows:  (Seinfeld, 2001) 

 

𝑆𝑂𝐴 𝑌𝑖𝑒𝑙𝑑 =  
𝑀𝑜(𝑆𝑂𝐴 𝑀𝑎𝑠𝑠 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝜇𝑔 𝑚−3)⁄ )

∆𝐻𝐶 (𝜇𝑔 𝑚−3)⁄  (𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑎𝑟𝑒𝑛𝑡 𝐻𝐶 𝑟𝑒𝑎𝑐𝑡𝑒𝑑)
    (7) 

 

The amount of parent HC reacted can either be directly measured or calculated taking into 

account known rate constants (Atkinson, 2003) 

 

Mo is the measured mass concentration from the average of the scanning mobility particle 

sizer (SMPS) or AMS. Parent reacted HC can be calculated by knowing the hydrocarbon properties. 
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These include, reaction coefficient and the mass given at a certain temperature, of which the reaction 

coefficient is found from the appropriate source and mass concentration is found by VOC analysis. 

For example, toluene gives off 1267 µg m-3 at 87°C. 

 

OH exposure is used to calculate the simulated atmospheric age produced in the PAM 

chamber (Lambe et al., 2011a). 

 

𝑂𝐻 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 =  
1

𝐾𝑂𝐻,𝑆𝑂2

 ×  − ln (
𝑆𝑂2,𝑓

𝑆𝑂2,𝑖
)   (8) 

 

OH exposure can be converted to atmospheric days of aging by dividing by the average OH 

concentration in the atmosphere and integrating over time. 

Assume average atmospheric OH concentration of 1.5 x 106 molecules cm-3 (Mao et al., 2009). 

𝐴𝑔𝑒 (𝐷𝑎𝑦𝑠) =  
𝑂𝐻𝐸

1.5×106 3600 24⁄⁄
    (9) 

SO2 conversion to sulphate aerosol: 

Equations 10-12 are from (Finlayson-Pitts, 2000) and equation 11 is from (Kang et al., 2007)  

 

OH + SO2  → HOSO2   (10) 

HOSO2 + O2 → SO3 + HO2  (11) 

SO3 + 2H2O → H2SO4 + H2O  (12) 

H2SO4(g) + H2O(g)   →   sulphate aerosol    (13) 

 In the gas phase, the OH radical is the only important oxidant for SO2 (Finlayson-Pitts, 2000). 

HOSO2 radicals are formed in reaction (10) and are immediately reacted with O2 to produce SO3 and 

HO2.  (Stockwell and Calvert, 1983) found that HO2 is generated in equation (11) OH because in the 

ubiquity of NO it is regenerated (Finlayson-Pitts, 2000). SO3 then reacts with two molecules of water 

to produce H2SO4 (Berndt et al., 2008) followed by a further reaction to create sulphate aerosol 

(E.Kang, 2007). 

 

 

 

 

 

nucleation 

Equation 1 - OH Exposure using SO2. K = biomolecular rate constant between SO2 and OH. 
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Toluene oxidation products: 

 

Figure 3: Assumed SOA formation mechanisms produced from the photo-oxidation of toluene (Sato et al., 2007). 

 For urban areas toluene is a potential source of SOA that can form through photochemical 

processes (Sato et al., 2007). Primary radical products, a benzyl radical (a in figure 3) and an OH-

aromatic adduct (b in figure 3) are formed either through the abstraction of hydrogen by the OH 

radical or through addition of OH to the benzene ring (Ng et al., 2007;Sato et al., 2007). The addition 

reaction dominates over abstraction occurring 94% of the time. To form the first generation products 

labelled P, P’ and P’’ the primary radical products are oxidised rapidly through consequent 

accelerated reactions. It is through the gas phase oxidation of toluene that these stable first generation 

molecules are produced. Gas phase oxidation of the first generation products also establishes second 

generation stable products which contribute to the formation of SOA (Ng et al., 2007;Sato et al., 

2007). Scheme 1 and 2A are relevant to current PAM chamber chemistry as the oxidants OH and O3 

are crucial during PAM chamber operation. The reactions including NOx in scheme 2B will become 

relevant during future emission measurement campaigns using the PAM as vehicle exhaust emissions 

typically include toluene and NOx. 
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Reynolds number 

𝑅𝑒 =  
𝜌𝑣𝐿

𝜇
   (13) 

 

Ρ = density, ν = velocity, L = tube diameter & µ = viscosity 

 

Chapter 3 

Experimental Set Up 

3.1 Instruments 

3.1.1 PAM Chamber 

 

 

Figure 4: PAM Chamber during leak test experiment. 

The PAM chamber is prone to leaks, since it can be taken apart in various sections so that it 

can be cleaned or adjusted for different experiments. The leak test is the first procedure before PAM 

characterization. Acquiring a uniform flow was done by connecting two flowmeters (TSI, flowmeters, 

models 4000 & 4100 series) at either end of the PAM chamber. A flow is sent through the flowmeters 

and the PAM chamber via a pump and the readings on the chamber should be approximately equal. If 

not it meant that the PAM chamber may be leaking, e.g. from teflon o-rings situated at both ends. 

Before the flowmeters were connected to either end of the PAM chamber, they were connected in 

series with each other and had a flow sent through them to determine if they were calibrated and had 

the same reading. The flowmeters require flow to be filtered to stop impurities entering the flowmeter. 
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The flowmeters use a filament to determine flow and without the use of a filter impurities can build 

up on the filament, reducing the accuracy of the flowmeter. 

Initially the flowmeters did not read the same value and the PAM chamber was disassembled 

to try and locate the leak. The chamber utilizes teflon o-rings at the locations of openings to seal them. 

These were cleaned with alcohol, along with the entirety of the inside of the chamber to help reduce 

losses to the walls during future experiments. Each opening was tightened back gently making sure 

that they were applied evenly and snug in there housings reducing the potential for leaks. The smaller 

o-rings were replaced after an accurate reading was not found. It was thought that the teflon rings may 

have become distorted and warped with time, although this made minimal difference. 

The filters used with the flowmeters were then changed to ones that created less pressure on 

the flow. This helped considerably and the flows before and after the chamber equalized. It is 

important to conduct this test before a measurement campaign and valuable knowledge was gained 

about the leaks in the chamber.  

Table 1: Flow rate calibration values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

New Filters Weaker Flow Stronger Flow 

Input Flowmeter 4.83 L Min-1 8.07 L Min-1 

Output Flowmeter 5.13 L Min-1 8.64 L Min-1 
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3.1.2 Soot Particle – Aerosol Mass Spectrometer 

 

Figure 5: Schematic diagram of the SP-AMS (Onasch et al., 2012). (a) is the view from above (b) the view from the side 

looking towards the sample inlet. 

The soot particle aerosol mass spectrometer (SP-AMS, Aerodyne Research Inc, USA, (Jayne 

et al., 2000;Onasch et al., 2012)) measures the chemical composition of particles. The SP-AMS 

provides real time size resolved composition of non-refractory particles e.g. organics, nitrates, 

sulphates, ammonia as well as refractory BC and metals. Non-refractory refers to those species that 

will vaporize under vacuum conditions at 600 °C. The sample enters through a critical orifice and into 

the aerodynamic lens which focuses the particles into a narrow beam (Zhang et al., 2004). The 

sampled particles are then accelerated into the sizing region through supersonic expansion due to the 

vacuum produced by the turbomolecular pumps. The particles time of flight is measured across the 

sizing region to determine the size of the particles. The flight region is characterised by a mechanical 

chopper, which if in motion, measures size distribution across the sizing region and the end of the 

flight is the point of mass spectrometric detection (DeCarlo et al., 2006). The non-refractory particles 

mentioned above are then vaporised upon impaction with the tungsten vaporiser resistively heated to 

600 °C. In addition the SP-AMS has an intracavity Nd:YAG laser vaporizer (1064nm) as well as the 

standard tungsten vaporizer enabling detection of refractory BC and light absorbing compounds.  



16 

 

The AMS can also be operated in three ways concerning vaporisation. One method is only 

with the laser vaporiser the second is with both the tungsten and laser vaporisers or finally with the 

tungsten atomiser alone. If the AMS is operated with only the laser then it is receptive to near infrared 

light absorbing particles such as refractory black carbon containing particles and additionally the 

refractory and non-refractory components of metal nanoparticles (Onasch et al., 2012). 

The vaporized aerosol particles are then ionized by using electron impact ionization (70eV) 

These ions are then guided through the custom high resolution time-of-flight  chamber (HR-TOF 

chamber, TOFWERK, Thun, Switzerland) where they are detected by a multi-channel plate (MCP) 

(Jayne et al., 2000;Onasch et al., 2012;DeCarlo et al., 2006). This includes two modes of operation, 

which can be changed depending on requirements. ‘W-mode’ utilizes the highest mass resolution and 

if the data is not signal limited it can be used. W-mode is not useable on the SP-AMS, after the SP 

module was installed it has not been offering better mass resolution. ‘V-mode’ employs a lower 

resolution and a higher sensitivity and has been used for all measurements taken.  

The AMS has many factors which contribute to its accuracy when measuring mass 

concentration of aerosol particles. Experiments used both a scanning mobility particle sizer (SMPS, 

section 3.1.4) and SP-AMS in tandem so that a comparison in mass concentration could be made 

between the two instruments and the SP-AMS collection efficiency and ionisation efficiency could be 

defined. The SP-AMS has about a 50% collection efficiency which is due to three things. Particles are 

initially lost through the inlet and the small aperture after the aerodynamic lens by diffusion. They can 

also be lost by the beam divergence produced from the aerodynamic lens causing particles to miss 

either vaporiser (this mostly effects the laser vaporiser). Finally in the tungsten vaporizer particles that 

hit its surface can bounce off before being fully vaporized (Onasch et al., 2012).  

A dedicated computer is set up for the SP-AMS using software specifically designed to run 

calibrations, record measurement data and to complete data analysis. For the running of the SP-AMS 

a few software packages work in tandem. The main software packages maintain operation of the 

pumps, voltages, laser and also data acquisition and instrument control. This piece of software is 

called TOF-AMS Daq (TOFWERK, Thun, Switzerland) and utilized most during day to day running 

of the AMS. The Daq software allows a user to configure the AMS to a specific measurement 

campaign, allowing adjustments to timing and switching between mass concentration measurements 

and size distribution ep-TOF. For data analysis a dedicated software package, Igor Pro 6 

(Wavemetrics, Lake Oswego, OR) is used along with modules Squirrel 1.53 for standard analysis and 

Pika 1.12F combined with Squirrel 1.53 for high resolution analysis.  
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AMS Calibration 

The SP-AMS also needs to be calibrated first using a known amount of mass which is based 

on the generation of size selected dry NH4 NO3 (ammonium nitrate) aerosol particles sent through an 

atomiser and size selected by a differential mobility analyser (DMA) system. These particles must 

produce detectable signals and be approximately 350-450nm in diameter. The mass measured by the 

SP-AMS is compared with the mass calculated from a condensation particle counter (CPC, TSI, 

model 3776). Firstly the NH4NO3 is generated and 300nm particles are selected by the DMA. A 

diluter system is set up which allows part of the flow to enter a filter, this lowers the particle 

concentration. The particle count is stepped down continuously after enough measurement time has 

elapsed to gain an accurate average. The particle number concentration from the CPC is converted to 

particle mass concentration by the assumption that all of the particles are spherical and 300nm in 

diameter. Particle volume and density is calculated and then the mass can be found using these two 

parameters. 

 

𝐶𝑃𝐶 𝑀𝑎𝑠𝑠 =  
𝐶𝑃𝐶 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 × 𝜋

6
×

(300𝐸−7)31.72×0.8×1𝐸12×62

80
 … (12) 

 

Figure 6: SP-AMS & CPC mass comparison calibration. 

The masses are then compared on the same plot to see if there are any discrepancies. If a 

difference is found between the two and no instrumental failure is found, then the ionization 

efficiency must be altered on the SP-AMS. The ionisation efficiency is the ratio of ions detected by 

the multiplier to the number of available desorbed molecules of the parent chemical species (Allan et 

al., 2003). The aim of the calibration is to adjust the ionisation efficiency so that the measured mass 

for both the CPC and SP-AMS match. Mass is inversely proportional to the ionization efficiency. So 
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if the SP-AMS mass is found to be half of the calculated CPC mass then the ionization efficiency will 

need to be approximately doubled.  

SP-AMS Data Analysis 

All of the data analysed throughout section 4.3 was done so using Igor pro 6 along with the 

‘Squirrel’ and ‘Pika’ modules. When Igor Pro 6 analyses SP-AMS data it uploads all of the files it has 

been supplied into a specific folder. After the first stage of ‘pre-process’ it prompts the user to create 

an intermediate folder where it produces the raw analysed data. An m/z axis calibration is performed 

followed by a baseline subtraction, then the m/z peaks can be fitted. Throughout the start of the data 

analysis in both normal and high resolution (HR) the key objective is to remove the noise from the 

data (if required) so that later analysis of mass concentration, spectra and elemental analysis is as 

accurate as possible. HR analysis can take a long time if there is a large amount of data, so in some 

cases it is more productive to create ‘to-do’ waves and initialize HR analysis for a small section of the 

data. This can be a sensible option if it is clear that some points of the measurement data are lost in 

noise or if only a small section is required. The ‘to-do’ waves were then applied to the data according 

to certain variabilities in measurement i.e. lamp voltage, O3 and precursor concentrations.. A record of 

all adjustments during measurements is taken so it is clear for a certain time what specific 

measurements are taking place. To compare low and high oxidations it is possible to ascertain specific 

times from the record and then to acquire the data points in the Igor data according to its time series. 

An interval of data points can be entered and a ‘to-do’ wave produced. These specific datasets can be 

visualized inside plots of the full range of data to draw a clear comparison between different 

circumstances. 

 

3.1.3 Condensation Particle Counter 

 

A CPC is used to measure the particle number concentration. Ultrafine particles need to be 

optically visible, so particles are expanded by supersaturation with condensation of a condensable gas 

(Stolzenburg and McMurry, 1991). In this work all of the CPC’s use butanol as a working fluid. 

Particles above the lower detection will be counted towards the number concentration. Three TSI 

CPC’s were used during this work. The first was the 3772 model with 10nm sensitivity at 1 Lmin-1 

flow rate. The CPC was useful because it is small and saves weight for campaigns or ambient 

measurements. However it only measures up to 104 particles cm-3 which was a problem during the 

chamber loss experiments or when aerosol number concentration is high. The 3775 is the best choice 

for high number concentrations as it measures up to 107 particles cm-3. It can be used for a broad 

range of applications. The 3776 is an ultrafine CPC capable of measuring particles down to 2.4nm. It 

is best for measurement of particles below 20nm and also has a fast response time of < 0.8 seconds to 
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95% in response to a change in concentration. However, it only measures up to 3x105 particles cm-3 so 

is not recommended for high concentrations of particles. 

 

3.1.4 Scanning Mobility Particle Sizer 

 

The SMPS (Scanning Mobility Particle Sizer, TSI, Electrostatic classifier model 3082 

including long DMA,TSI, electrostatic classifier model 3071) is a combination of an aerosol 

neutraliser, DMA (Differential Mobility Analyser) and CPC. The SMPS is used to measure number 

size distribution and it is based on a particles electrical mobility equivalent diameter. This is done by 

counting the particles for given size bins and the model 3082 can generate particles from 2 to 1000 

nm. 

The particles entering the SMPS are given a charge so they can be classified. The traditional 

neutralizer is a radioactive Kr-85 bipolar diffusion charger, but a soft x-ray bipolar diffusion charger 

is also common now. The DMA’s main purpose is to classify the particles by their electrical 

equivalent diameter, in this case a cylindrical DMA geometry was used. It consists of two metal 

electrodes, inner and outer. A voltage difference is applied between the electrodes to induce an 

electrical field. The polydisperse charged aerosol is directed into the sheath flow between the two 

electrodes. The electric field then induces charged particle movement and only particles with a well-

defined electrical mobility penetrate through the outlet of the DMA whereas the smaller or larger 

particles are collected on the electrode or follow the sheath flow out. The size selected particles then 

continue from the DMA on to the CPC to be counted. Two SMPS’s were used during this thesis. The 

first was slightly older and required a manual set up to achieve the correct flow for size distribution 

results to be acquired. Sheath flow was adjusted to be equal for both incoming and outgoing flows 

using the valves situated on the face of the instrument. The monodisperse and polydisperse flows 

could also be adjusted with valves depending on specific requirements.  

The newer SMPS is a combination of the TSI, Electronic classifier model 3082 and a given 

condensation particle counter. For later experiments this SMPS system was utilized because of ease of 

use and it required less time to adjust settings. This SMPS also works in direct synchronization with 

the aerosol instrument measurement software, so it can either be controlled via the computer or 

directly from the SMPS. It also includes multiple charge correction, which accounts for particles with 

more than one charge which increases their mobility. This means the particle can be incorrectly 

measured and collected into a smaller size channel. Diffusion correction is another correction 

algorithm that can be applied if needed. This is recommended to be used for particles under 100nm 

where diffusion losses are most likely. Losses are size dependent with the largest losses being for the 

smaller particles (i.e. at 5nm, approximately 62% of particles pass through 6mm tubing with a 3 
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L/min flow). Another correction can also be applied for particles that are aggregated, meaning the 

particles that are joined which create irregular particle clusters. A spherical particle assumption is 

made for electrical mobility analysis. Applying this correction will account for differences in the 

electrical mobility and the charge distribution of aggregates. By calculating a volume concentration 

based on measurements, the SMPS can give an approximation of the mass of the particles.  

 

 

3.1.5 Permeation Oven 

The permeation oven (Kin – Tek, Flexbase, S/N 130723-A-FS-BAO) was situated before the 

PAM chamber and was used to create gas mixtures of various hydrocarbons seen in figure 10. This 

was done by diluting the small flow produced from permeation (or diffusion) tubes with a much larger 

flow of zero air. Zero air being the laboratory supplied clean air with zero relative humidity. The oven 

can be temperature and flow controlled to acquire the given output of precursor needed from the 

diffusion tube. The oven was only used when hydrocarbons were required and could be bypassed if 

needed. The oven temperature can be varied between 30-250 °C with a resolution of 0.01 °C and flow 

can be varied between 0.25 - 5 lpm. 

 

3.1.6 Engine Exhaust Particle Sizer 

 

The Engine Exhaust Particle Sizer (TSI, Engine Exhaust Particle Sizer Spectrometer model 

3090,(Wang et al., 2016)) was used during chamber comparison measurements. The EEPS is capable 

of real time size distribution measurements with a high time resolution of ~1s (Wang et al., 2016) 

which is perfect for emission measurements where conditions are continually changing. Results and 

the dynamic behaviour of particles are visualized instantly during transient test cycle. 

The EEPS was used to measure pulses of toluene sent to both the TSAR (TUT secondary 

aerosol reactor) and PAM chamber which were connected in parallel. Direct comparisons of the size 

distribution pulses can be made. However, when compared to the SMPS, some discrepancies can be 

found with the EEPS as it is found to disagree with the SMPS. It shows larger inconsistencies for the 

accumulation mode particles than for the smaller sized particles (Wang et al., 2016).  

 

3.1.7 Other Instruments 

Ozone Analyser 

The ozone analyser (Environnement S.A, model O342) was used frequently as it was 

detrimental to be able to acquire ozone concentration during periods when the lamps were on. The 
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ozone analyser detects ozone by absorption of ultraviolet light. It measures between 0.1 to 10ppm 

ozone mixing ratio with a detection limit of 1ppb and response time of 50 seconds. The analyser 

sample line was always placed directly after the chamber exit to ensure a more accurate reading with 

less loss of ozone to the sample line. It is also a useful instrument to use for safety reasons as ozone is 

highly oxidizing and is an irritant. It is particularly hazardous to the respiratory system and lungs even 

in low concentrations, although the concentration and exposure time will affect the severity of any 

injuries (CCOHS, 1998). At the end of an experiment during which the lamps had been used, the 

ozone analyser would remain on the longest to monitor the decrease in ozone concentration. Only 

once the ozone dropped to a safe level e.g. 50ppb would it be turned off, or if needed, the lines opened 

up to change the experiment. The ozone was vented through an exhaust vent in the ceiling. The 

analyser worked in tandem with envidas software (Envitech Ltd.) where data could be visualized or 

exported to other software for further data analysis. The analyser could also be used with a terminal 

type software which would acquire a printed readout of the data at a time resolution chosen by the 

user. This was useful as terminal software can be downloaded on any computer fairly easily, which 

saved time during measurement set up. 

SO2 Analyser 

The SO2 analyser (Thermo Scientific, 43i SO2 model) was used in the same way as the ozone 

analyser. It also uses the envidas software or could be configured with terminal software. The SO2 

analysers response time is 80s with an averaging time of 10s and it can measure SO2 mixing ratio 

from 0-1000ppm, the detection limit is 3ppb. The SO2 analyser was only used during experiments in 

which SO2 was needed. In this case that was during residence time acquisition and determining OH 

exposure. 

Relative Humidity and Temperature sensor 

This sensor (Vaisala, HMP110 model) is very practical and small so it could be positioned 

almost anywhere throughout sample lines. It can measure from 0-100% relative humidity and between 

-40 to +60°C. However, it was mostly placed just before the PAM chamber to gain accurate values for 

the temperature and humidity of the sample entering the chamber. It can be connected to a computer 

very simply via usb. Python script was made to read the data output from the sensor and it 

automatically creates a text file containing the data. This is very simple and quick to use, with data 

collected every minute. 
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3.2 Experimental Methods 

3.2.1 Photochemical Aging 

 

Figure 7: Schematic diagram of experimental set up used to acquire OH exposure and photochemical aging. 

The purpose of this experiment is to gain different simulated atmospheric aging values for 

different UV (oxidation) intensities inside the chamber. This is done by adding a calibration gas and 

recording its depleted values for different UV intensities. The PAM chamber was initiated with a 5 

Lmin-1 flow and kept at 27 ± 1.44 % RH with a temperature of 21 ± 0.3 °C. SO2 (Messer, 95% 

confidence, 2.99mol/ppm) was provided from a pressurised cylinder and controlled using the added 

valve with another valve to help control the flow. To be able to measure the SO2 at either end of the 

PAM chamber the SO2 analyser was placed in the centre and connected to both ends via a three way 

valve. The valve could be switched to measure the SO2 either before or after the chamber. A bypass 

line was also attached to maintain a continuous flow through the chamber and to keep sample dilution 

the same when the valve was switched. Every time the lamp voltage was raised the experiment was 

left to equalize for an appropriate amount of time. This was usually determined from viewing the O3 

analyser readings given off from the lamps and making sure it was stable. 
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3.2.2 Particle chamber loss experimental set-up 

 

Figure 8: Schematic diagram of experimental set up used to establish particle loss in the chamber. 

 

Figure 9: Picture of vaporiser and electrostatic classifier set up. 

An estimate for particle losses inside the PAM chamber is gained from this experiment. The 

loss values can be used in future experiments to provide more accurate results. The PAM chamber 

was initiated with a 5 Lmin-1 flow and kept at 27 ± 4% RH with a temperature of 21 ± 0.3 °C. New 

copper lines (6mm) were used to prevent anomalous results and to ensure as little loss as possible. An 

ammonium nitrate (NH4NO3) solution was made and then atomised along with pressurised laboratory 

air. This aerosol was then dried and sent through an electrostatic classifier, where one diameter of 

particle would be selected. The now monodisperse sample travelled along the copper lines to the 

entrance of the PAM chamber. A CPC was situated so that it would measure the number 
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concentration before and after the chamber through a three way valve. A bypass line was connected to 

ensure a continuous flow through the PAM chamber, independent of which end was being measured. 

 

3.2.3 SOA measurement experimental set-up 

 

Figure 10: Schematic diagram of experimental set up used for precursor oxidation. 

This experimental set up was used to provide accurate SOA yield/mass concentration results. 

A pressurised air supply was connected to the permeation oven containing a precursor. The 

pressurised air was used to dilute the small flow produced by the permeation tube in the oven and then 

exits the permeation oven. The relative humidity and temperature of the sample was then measured 

and the sample can pass through to the chamber. The flow through the chamber was supplied by a 

membrane pump. With no adjustments this sample will have no humidity because it is supplied from 

the pressurised air supply. To take measurements with higher humidities, a nafion drier was used as a 

humidifier. SO2 can also be added to produce acidic seed aerosol here too. The sample then flows 

through the chamber and was immediately analysed by the O3 and SO2 analysers. An SP-AMS and 

SMPS samples and the flow exits via an exhaust. 

The precursors, α-pinene, Δ3-carene, toluene, acetaldehyde, 1,2,4 trimethylbenzene, 

trimethylamine, and pentanal were introduced via the permeation oven (Kin – Tek, Flexbase, S/N 

130723-A-FS-BAO) at 4 Lmin-1. An exact reading for the concentration was taken by sampling the 

output line immediately after the permeation oven. The samples were collected over a 10 minute 

period at a set flow and the samples were then given to the VOC laboratory for analysis. 
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Chapter 4 

Results & Discussion 

4.1 PAM Chamber Characterisation 

4.1.1 Determination of residence time 

 

The residence time is defined as the time it takes for a sample to flow through the chamber. 

This mainly depends on the chamber volume and the flow rate used through the chamber. A faster 

flow rate will mean a shorter residence time and therefore a smaller chance for all precursors to 

become fully oxidized. A shorter residence time is beneficial for rapidly varying conditions, i.e. 

emission measurements. The residence plots were done using SO2 which was sent to the chamber in 

10s pulses. The SO2 concentration was measured directly after the chamber with no UV lights and a 

relative humidity of approximately 18%. The flow rate effects the residence time with faster flows 

producing a shorter residence time. (Kang et al., 2011) used a flow rate of 5 L min-1 to produce a 

residence time of 240 ± 36s, which is approximately half the time of the FMI PAM chamber at the 

same flow rate. The Kang chamber is larger at 19 Litres and the surface area to volume ratio is 

different which may explain the difference in residence time despite the flow rates. 

 

Figure 11: Plot of Residence time at 7.5 L/min 
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The SO2  gas rapidly fills the PAM chamber as in seen in the figure above. However it then 

takes approximately 10 minutes to fully evacuate the chamber. The FMI PAM chamber has a small 

length to diameter ratio (46cm length, 22cm diameter) which gives the chamber a longer residence 

time. The flow inside the PAM chamber is not plug flow, as the flow is mixed through convection 

(Lambe et al., 2011a). This shows that the PAM chambers design makes it most suitable for the aging 

of organic gases and particle formation. Other papers have found that the short residence times that 

flow reactors provide may not be long enough to allow the complete condensation of semi volatile 

organic gas-phase species into SOA (Lambe et al., 2015). The greatest influences on residence time 

are flow rate and reactor geometry (Lambe et al., 2011a) where a cylindrical chamber with a small 

diameter and high flow rate will have a faster residence time than a larger diameter chamber. SO2 is 

also found to be a wall adhering gas meaning that SO2 will take longer to evacuate the chamber than a 

gas like CO2 which is wall-inert (Lambe et al., 2011a). Comparison of SO2 residence times with 

(Lambe et al., 2011a) conclude that SO2 produces a longer residence time due to its wall adhering 

properties. However the residence times still differ greatly, with a range of seconds to minutes for 

(Lambe et al., 2015) and approximately 10 minutes for the PAM chamber used here. As a result of the 

longer residence time provided by our chamber it is likely that all semi volatile organic gas phase 

species can be fully condensed into SOA given the maximum residence time, this can be seen from 

figures 12, 18 and 19. 

 

 

Another way to operate the PAM chamber is using the ring flow entry. This works by 

dispersing the flow evenly across the volume of the chamber using a teflon tube shaped in a circle 

with small holes to allow the flow through. The set up can quite easily be switched by connecting to 

the lower entry tube on the chamber and blocking the central entrance. Both lines have been used in 

some papers, which utilise the ring flow for the main flow and sample from the central exit (Ortega et 

al., 2015). It is thought that this may allow ease of flow into the chamber which would lead to a 

smaller residence time. This result would be beneficial for this PAM chamber design as it would 

increase its range of usage to real time measurements too e.g. vehicle emissions.  

 

An Engine Exhaust Particle Sizer (EEPS), provided by TUT, was used to measure toluene mass 

concentration after the PAM chamber in real time. Toluene was produced by the permeation oven and 

fed to the PAM and TSAR chambers. (TSAR, is a Secondary Aerosol Reactor developed by TUT, 

(Simonen, 2015)). During these experiments the PAM chamber was used with flow rates of 5 Lmin-1 

and 10 Lmin-1. With both flow rates residence time was less than 200 seconds. 
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Figure 12: Integrated mass concentrations using PAM chamber and TSAR chamber. 

 

 

4.1.2 Determination of O3 exposure time using SO2 

 

The exposure time is defined as the time it takes an initial concentration of SO2 to change to a 

lower value after the UV lamps have been switched on (E.Kang, 2007). Exposure time is the average 

time the precursor is exposed to oxidants in the chamber. The exposure time is measured by feeding 

SO2 gas to the chamber and measuring the SO2 concentration after the chamber. In the PAM chamber, 

the amount of precursor gas that is oxidized is determined by the exposure time and the oxidant 

concentration. The exposure time was taken for a flow rate of 10 L min-1 and was found to be ~180s ± 

60s in figure 13. The uncertainty in the value is because of the SO2 analyser’s time resolution. 
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Figure 13: Measurement of exposure time in the PAM chamber at 200V, 10 Lmin-1 

 

 

These results do not represent a baseline for other precursor gas oxidations. The oxidation of 

SO2 by OH is considered to be relatively slow when compared to other hydrocarbons with a reaction 

coefficient of kOH +SO2 = 9x10-13 molecule-1 cm3 s-1 (E.Kang, 2007). For instance, toluene reacts with 

OH with a reaction coefficient of kOH +Toluene = 5x10-12 molecule-1 cm3 s-1 and α-pinene reacts with OH 

with a reaction coefficient of kOH + α-pinene = 5.5x10-11 molecule-1 cm3 s-1 (Atkinson, 2003). This 

essentially means that all hydrocarbons should be completely oxidized inside the chamber after the 

UV lights have been turned and within the residence time. All SOA precursor gases used throughout 

experiments should react three times faster than SO2 with OH. 

 

 

4.1.3 Photochemical aging and OH exposure 

 

 

Results for the OH exposure were calculated using the formula shown in 2.2.1 and the results 

are plotted in figure 14. The lamp voltage was scanned from 80 – 230 V and is found to be directly 

proportional to the OH exposure. As the voltage is increased the amount of OH increases along with 

the photochemical age. At lamp voltages below 100 volts, not enough OH was produced to produce 
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significant aging. After this point the OH exposure increases quite rapidly, becoming almost linear 

above 120 volts. A sampling time of 20 – 30 minutes was commonly used to gain accurate results. A 

long sampling time was needed because there was a problem with the dilution of the SO2. Small 

fluctuations in the flow were found to be the problem and this needed to be corrected continuously. 

This problem may not have been found without measurements before the chamber. 

Table 2: Calculated OH exposure simulating atmospheric residence times of several days based on SO2 oxidation 

experiments. 

Voltage Age (days) OH exposure 

(1/(cm3*s)) 

O3 Concentration 

(ppb) 

So2 (ppb) 

230 17.2 2.23E+12 27500 38 

200 15.2 1.97E+12 23000 48 

170 13.7 1.78E+12 18700 57 

140 10.9 1.41E+12 14300 79 

110 5.7 7.39E+11 7100 145 

100 0.8 1.07E+11 1100 256 

90 0.5 6.49E+10 720 266 

80 0.3 4.01E+10 315 272 

 

 

 

 

Figure 14: Photochemical aging in days as a function of lamp voltage. 
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Figure 15:  a) Sulphate mass measured using the SP-AMS. b) Sulphate mass as a function of its mixing ratio in ppb. C) SO2 

mixing ratio as a function of ozone concentration. 

 

Figure 15 a, shows a sharp increase in the measured sulphate mass at approximately 120 

volts. This is close to the point of steep increase in photochemical aging (figure 14). Measured 

sulphate mass increases as the voltage intensity is increased even though the SO2 mixing ratio began 

to decrease (figure 15 c) with higher ozone values produced at higher lamp intensities. However, after 

approximately 120 volts the sulphate mass doesn’t increase anymore which is due to not enough 

precursors for oxidation, exhausting the oxidant capacity and residence time in the chamber being too 

small. It can be seen that SO2 is inversely proportional to the ozone concentration. When SO2 is kept 

at an initial value and the lamp voltage is steadily increased, then the SO2 will decrease with respect to 

the lamp intensity and ozone concentration.  
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4.1.5 Particle losses in the PAM Chamber 

 

Figure 16: Ratio of number concentration (# cm-3) in to and out of the PAM chamber as a function of particle diameter 

(nm). 

The particle loss experimental set up can be seen in section 3.2.2. Particles with diameters 

ranging from 15 - 400nm were sent through the chamber and both CPC readings were taken. A loss 

rate of around 20-30% was expected overall. However the chamber performed better than expected 

for larger diameter particles. Measurements began at 400nm diameter particles which produced the 

smallest loss rate of 3%. The selected particle diameter was slowly lowered on the SMPS and loss 

measurements were taken once the experiment was found to reach an equilibrium. 300 nm particles 

were found to have a loss rate of 8.3 % , 100nm particles had a loss rate of 25.4% and at 25nm 50% of 

the particles were lost. It is clear that the loss percentage is higher for smaller diameter particles. It 

was also found that the particle number concentration produced from ammonium nitrate solution 

increased for the smaller diameter particles peaking at 50nm.Deposition by diffusion is not effected 

by the number concentration of the particles, although a higher number cocnentration could increase 

losses by coagulation. . The PAM chamber also exhibits laminar flow under the flow rates used 

throughout experiments i.e. under 10 L min-1 with a Reynolds number of 31 at 5 Lmin-1 and 62 at 10 

Lmin-1. 

To attain the smallest diameter through the DMA, higher sheath flows were needed. As the 

sheath flow was made higher the particle number concentrations dropped. This in turn effected the 

loss rate which is much higher for higher particle concentrations.  
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Table 3 shows how the particle number concentration increased as the diameter selected is decreased. 

Particle Diameter (nm) Number Concentration 

#/cm3 

400 660 

350 1030 

300 1800 

250 3700 

200 7900 

175 10900 

150 16000 

125 23100 

100 32800 

75 48200 

50 65000 

25 33000 

15 4230 

Due to the high concentration of smallest particles, a simpler set up was used where a CPC 

was connected to both ends of the PAM chamber and the flow was switched according to which end 

would be measured. The flow through the PAM chamber would need to be kept constant regardless of 

which end the measurement was being taken from. This was done to prevent the continuous 

circulation of gases inside the chamber which would then produce a surge in particle concentration 

when the flow is switched. 

 

Figure 17: Particle loss percentage as a function of diameter (nm). Error bars define an error percentage calculated from the 

average and standard deviation of the results. 
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After analysing all of the results it was confirmed that the losses increase for the smaller sized 

particles.  The small particles would most likely be lost to the walls of the chamber by diffusion 

processes (Lambe et al., 2011a). The larger particles are more likely lost by deposition. The PAM 

chamber also has a small surface area to volume ratio to help prevent particle losses (SA/V ratio = 

22m-1). It has also been found in other experiments that particle losses increase for small diameter 

particles. One other possibility that may add to particle losses is by the method that the sample is 

taken. Currently the PAM chamber samples the total flow, where as a subsample could be taken if the 

flow was extracted through an alternative exit (Lambe et al., 2011a). Theoretically more of the 

smaller diameter particles will be lost, but the loss seen in the PAM chamber is significantly more 

(Hinds, 1999).  

 

 

4.2 SOA Yield 

 

The PAM chamber has been characterized by measuring the SOA yield produced from 

different precursor hydrocarbons using different measurement parameters such as oxidant 

concentration, UV intensity, flow rate, precursor concentration, relative humidity and temperature.  

 

4.2.1 SOA yield dependence on flow rates 

 

The PAM chamber usually operates at approximately 5 – 10 L min-1, this is found to give the 

optimum residence time so that all precursor gases can be fully oxidized. Measurements were taken at 

three different flow rates, 5, 7.5 & 10 L min-1. The ozone was varied from zero to 30000 ± 1 ppb by 

adjusting the voltage supplied to the UV lamps for each of the flow rates. Toluene was used as a 

precursor and it was introduced via the permeation oven introduced in section 3.1.5. The gas flow was 

diluted with dry air from the lab with zero relative humidity. The ratio of toluene to air was 1:9 and 

this was kept constant as the flow rates through the PAM chamber were increased. 

 

By observing the ozone concentration it was found that the level of oxidants in the chamber 

were reduced at higher flow rates, from a maximum of 4500 ppb ozone to 3200ppb. Therefore, lower 

SOA yield was produced, e.g. at 3000ppb ozone for 5 Lmin-1 a SOA yield of 0.02 was measured and 

at 7.5 Lmin-1 the SOA yield is 0.01. This is because a higher flow rate reduces the amount of time for 

reactions inside the chamber between oxidants and precursors. A higher flow rate can be thought of as 

a decrease in exposure time seen in section 4.1.2.. Therefore for a higher flow rate to be maintained 

and produce the same yield, there needs to be an increase in oxidants. Which in this case means an 
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increase in lamp voltage and UV radiation. Whilst measurements were being taken arbitrary drops in 

ozone of approximately 3ppm occurred which correspond to a drop in mass in the SP-AMS results 

which can be seen in figure 18. 

 

 

Figure 18: Measured aerosol mass and ozone concentrations as a function of time during a toluene oxidation experiment 

with variable ozone exposure. Shows how irregular fluctuation in ozone concentration which effects the mass concentration. 

 

 

Figure 19 SOA Yield as a function of O3 and flow rate in dry conditions 
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As can be seen in figure 19, at 5 Lmin-1 greater ozone and SOA concentrations were reached 

as the residence time was longer. Through a comparison with (Kang et al., 2007) the same results are 

found for an increased flow rate through the PAM chamber. A direct comparison cannot be made as 

the Kang chamber is larger at 19L and a different precursor was used. However, the same decline in 

SOA yield is seen with an increase in flow rate through the chamber as well as data being unattainable 

at higher ozone concentrations for the higher flow rate. 

4.2.2 SOA yields for natural and anthropogenic hydrocarbons. 

 

SOA yields for seven different hydrocarbons were measured. Two monoterpenes and six 

anthropogenic hydrocarbons which were chosen for their abundance in the atmosphere or because 

they are directly emitted from vehicle emissions. The monoterpenes include α-pinene & Δ3-Carene 

and the anthropogenic hydrocarbons were toluene, acetaldehyde, 1,2,4 trimethylbenzene, 

dimethylamine, and pentanal. Both 1,2,4 trimethylbenzene and toluene are aromatic hydrocarbons of 

which toluene was found to have the second highest concentration from selected aromatic 

hydrocarbons measured during an urban measurement campaign in Helsinki, Finland (Hellén, 2006). 

Acetaldehyde is a carbonyl and during the same measurement campaign was found to have the third 

highest concentration of the carbonyls sampled. It is also produced directly and from the reactions of 

other VOC’s (Hellén, 2006). 

 

α-pinene is an important biogenic hydrocarbon to measure because it is widely studied and 

comparisons can be made between our PAM chamber measurements and earlier results. It is also 

commonly found from the oil of coniferous trees i.e. pines, which is important in Finland (Hakola et 

al., 2006;Hellén et al., 2006). α-pinene is also known to form SOA in the atmosphere and depending 

on the type of tree it can be the dominant monoterpene emitted (Bäck et al., 2012).  

 

The precursors acetaldehyde, pentanal, 1,2,4 trimethylbenzene and dimethylamine were used 

in the laboratory over the course of one week. Typically one day of measurements for each precursor 

and then extra time with the precursors that gave reproducible results. Each precursor was introduced 

to the chamber through the permeation oven to ensure an accurate concentration. The base mass 

concentration that was given from the permeation tubes was measured directly after the permeation 

oven and sent for VOC analysis. Pressurised air was sent to the input line on the permeation oven and 

was set to 4 Lmin-1. This mixture was then sent to the PAM chamber where it was mixed with filtered 

laboratory air and either dried for zero relative humidity measurements or humidified using the 

repurposed nafion drier. The pressurised air supply contained no moisture so it needed to be 

humidified after the permeation oven.  
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The hydrocarbons were measured at two different relative humidity’s and with SO2 to 

produce an acidic seed aerosol. Acetaldehyde was also done with dry air (RH<1%) to show that it 

requires moisture for any aerosol mass to be produced. This was important for acetaldehyde because it 

can be produced in exhaust emissions where the conditions can change rapidly from hot and humid to 

cold and dry. Acetaldehyde produced one of the lowest mass concentrations throughout measurement 

and it has also been found to produce the lowest yield in other experiments (Chacon-Madrid and 

Donahue, 2011). These results reveal how critical the RH is for SOA yield and mass concentration. 

 Before any precursors or oxidants were entered into the chamber it was important to take 

base-line measurements for comparisons with later measurements. First, a flow was initiated and zero 

measurements were taken to ensure no particles were being produced in the chamber. This also helped 

to confirm that the lines connected correctly and the flows were adjusted accordingly. Preferably a 

number concentration of zero would be acquired during these measurements but in reality the base 

measurements always showed a few particles. During these periods of zero measurements the number 

concentration was approximately 30-40 particles cm-3. These particles could be produced or taken 

from build up inside the chamber, copper lines, inside the permeation oven or from a leak in the 

system. However this number is negligible compared to the value of x106 particles cm-3 observed once 

the precursor was initiated. SO2 could be another reason for the particles being produced in the 

chamber as it adheres to the walls of the chamber and sample lines and may remain there. 

A VOC precursor was then sent into the chamber and measurements were taken without any 

oxidants to gain a base measurement. After this the oxidants were added by increasing the UV lamp 

intensity between 70 – 230V, which varies the ozone but also OH and HO2 concentrations. The lamps 

were generally varied between approximately ten steps of various lamp intensities. Generally 10-15 

minutes were given between each step to acquire accurate measurements. Half the time was reserved 

for parameter equalisation and the second half was used to obtain results corresponding to the 

precursor and oxidant concentrations. This is because it took some time for the new concentration of 

oxidants to form inside the chamber after the lamp voltage was changed. During the later experiments 

it became easier to see if the chamber had stabilized because the newer SMPS showed the previous 

size distribution for comparison. As soon as the sampling had taken place the lamps would 

immediately be adjusted to the next step. 
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Figure 20: (a) AMS mass concentration (µg m-3) as a function of O3 for 1,2,4, trimethylbenzene.(b) SP-AMS mass 

concentration (µg m-3) as a function of O3 for acetaldehyde. Lamp voltages were changed between 70-230V for each 

hydrocarbon. 

 

For future experiments it is recommended to be careful when using additional gases or 

dilution, i.e. N2 purging. The VOC results revealed concentrations of VOC’s that should not have 

been present during experiments (table 4). Large amounts of hexane were found in each sample in 

addition to high peaks of dichloromethane, cyclohexane and methylcyclopentane. Hexane and 

dichloromethane are both used in the laboratory which could explain those results. It has been 

deduced that these anomalous VOC’s can be neglected because no mass was produced when zero 

measurements were taken with the system. The source of these VOC concentrations is not certain but 

two possibilities are the pressurised air and the permeation oven. Zero samples from the permeation 

oven were not taken. 

 

Table 4: VOC mass results determined through ion chromatography in the VOC laboratory in µg m-3 for toluene & α-pinene. 

(Results in red are lower limits because concentration in the sample tubes were too high and the chromatograph cut off) 

Sample Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 

Sampling 

flow 

(ml/min) 270 240 235 240 240 230 230 220 

Sampling 

time 

(min) 10 10 10 10 10 13 10 10 

Toluene 850.6 697.3 1185.9 1196.2 684.6 485.9 419.0 448.7 

a-pinene 0.7 0.5 0.7 0.9 76.4 19.1 9.6 10.9 

hexane 2600.4 2847.2 3256.3 3246.7 2740.9 1175.1 3723.0 3351.6 

 

Table 5: VOC mass results in µg m-3 for Δ3 - carene & 1,2,4-trimethylbenzene. 

Sample Sample 1 Sample 2 Sample 3 Sample 4 

Sampling flow 

(ml/min) 140 140 140 140 
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Sampling time 

(min) 10 10 10 10 

carene 28.5 27.6 1076.3 1272.2 

1,2,4-

trimethylbenzene 63.8 59.4 3.2 3.7 

 

 

 

 

 

Figure 21: AMS mass concentration (µg m-3) as a function of O3 for dimethylamine AMS mass concentration (µg m-3) as a 

function of ozone for pentanal AMS Mass Concentration (µg m-3) as a function of O3 for toluene. Lamp voltages were varied 

from 70-230V for each hydrocarbon. 

 

A common behaviour seen for all hydrocarbons is the drop in mass (see figure 21). Each 

hydrocarbon reaches a peak value of mass concentration at a certain unique aging value. This is 

different for each hydrocarbon and it also depends on the humidity level, temperature, amount of 

(b) (a) 

(c) 

150

100

50

A
M

S
 M

a
s
s
 C

o
n
c
e
n
tr

a
ti
o
n
 (

µ
g
 m

-3
)

30x10
15252015105

Ozone Exposure (molecules cm
-3

s)

 Using SO2 and dry air

 Using dry air

25

20

15

10

5

A
M

S
 M

a
s
s
 C

o
n
c
e
n
tr

a
ti
o
n
 (

µ
g
 m

-3
)

10x10
158642

Ozone Exposure (molecules cm
-3

s)

 Using SO2 with low RH

 At 20% RH



39 

 

ozone and OH used in the experiment. It is found that as the lamp intensity is gradually increased, the 

SOA formation process changes. This can be seen in figure 25 by noting the direction changes in the 

oxidation pathways the SOA takes as the mass concentration being produced changes. The drop in 

mass concentration after a certain limit can be seen in figures 20 and 21. 

 

 

Figure 22: SOA Yield for 1,2,4 trimethylbenzene as a function of voltage and OH exposure. The colour of each marker 

represents the mass concentration. 

After the peak age, the SOA is more aged and mass concentration decreased. Throughout 

experiments there is a clash between functionalization and during higher lamp intensities at higher 

oxidation oligomerization and fragmentation. Also during each generation a new functional group can 

be added and its type can vary at each generation too. Fragmentation could be one explanation as to 

why the mass drops off after a certain voltage has been applied. During high oxidation, fragmentation 

can occur more easily, therefore a reduction in the formation of OA is seen from fragmentation (Kroll 

et al., 2009). Fragmentation leads to products with less carbon and more oxygen atoms, but it doesn’t 

considerably change the O:C ratio of the SOA, the final addition to SOA mass depends on their 

volatilities. If a product with higher oxidation fragments easily then this means any with a high O:C 

ratio have a larger chance of fragmenting. Both functionalization and fragmentation have defining 

effects on the volatility of the organics both in the atmosphere and during SOA laboratory 
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experiments. (Kroll et al., 2009) found that fragmentation may play a big role during the evolution 

and formation of OOA. During low OH exposure functionalization may be the most important process 

as oxygen content increases (Kroll et al., 2009). At higher levels of oxidation it is found that the level 

of carbon decreases, signifying fragmentation to be the dominant process. Higher SOA yield is found 

because seed particles stimulate condensation (Lambe et al., 2015).  

 

 

 

 

 

4.3 SP-AMS data analysis results 

4.3.1 Mass Spectra 

 

Another way to see the difference in oxidation level is to use mass spectra plots which are 

commonly used. Figure 23 shows the average mass spectra of organic fraction for all data and various 

levels of oxidation (low, medium and high). The plots in figure 23 are made using the high resolution 

data provided with the SP-AMS. The high resolution aspect gives a user the ability to split each m/z 

‘stick’ into its respective ions. For example m/z 43 contains both oxidised C2H3O and hydrocarbon 

C3H7+ fragments which are both separated high resolution data.  Different oxidation levels were 

produced by changing the lamp intensity inside the PAM chamber which directly effects the oxidation 

level of formed SOA. It also helps to identify if fragmentation is occurring at higher lamp intensities.  

 

 

Figure 23: High-resolution mass spectra from toluene showing nitrate equivalent mass (µg m-3) vs m/z for (a) Low oxidation 

(b) High oxidation (c) all data combined (d) medium oxidation. 

 

(c) 

) 
(d) 

) 

(b)(a) 

5

4

3

2

1

0

N
it
ra

te
 e

q
u
iv

a
le

n
t 
m

a
s
s
 µ

g
/m

3
 *

10080604020

m/z

43
44

All data

1.0

0.8

0.6

0.4

0.2

0.0

N
it
ra

te
 e

q
u
iv

a
le

n
t 
m

a
s
s
 µ

g
/m

3
 *

10080604020

m/z

43

44

High oxidation

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

N
it
ra

te
 e

q
u
iv

a
le

n
t 
m

a
s
s
 µ

g
/m

3
 *

10080604020

m/z

43

44

     Low
Oxidation

40

30

20

10

0

N
it
ra

te
 e

q
u

iv
a

le
n
t 

m
a

s
s
 µ

g
/m

3
 *

10080604020

m/z

Medium Oxidation

44

43



41 

 

It can be noted in figure 23 above, that the plots do not have the same nitrate equivalent mass. 

This is because different amounts of mass are produced in the chamber when the lamp intensity is 

changed. Figure 23 (a) shows higher ratio of m/z 43 to m/z 44 and larger organic compounds are 

observed at higher m/z values. This is expected as m/z 43 represents fresh hydrocarbons and is always 

higher at lower oxidation levels. Figure 23 (d) showing mass spectra for medium level oxidation 

products has equal amounts of mass for both m/z 43 and m/z 44, whereas figure 23 (b) has a much 

larger m/z 44 peak due to the higher level of oxidation along with less peaks of higher m/z. In 

comparison with atmospheric data it is found that the highest oxidation level spectra is comparable to 

aged long ranged transported aerosol spectra whereas low oxidation level is comparable to spectra 

measured for local emissions sources (Timonen et al., 2013). Thus PAM chamber data seems to 

represent atmospheric SOA formation processes quite well. The lower oxidation plot exhibits higher 

mass and a higher mass at m/z 43. As the oxidation level is increased an increase in m/z 44 is 

observed, whereas the m/z 43 is observed to decrease. Plot (a) also displays a slightly more varied 

spectrum, which cannot be seen in the other plots. The plot containing all the data fits nicely between 

both the low and high oxidation plots. It would be an effective average between the LV-OOA and SV-

OOA if they represented the same amount of data throughout the measurements. The mass spectrum 

of the plot displaying highly oxidized data displays much higher m/z 44 than m/z 43 as is expected. 

The nitrate equivalent mass in figure 23 (a) is less than the low oxidation plot but this is also expected 

as large amounts of fragmentation can occur at higher oxidation levels in the PAM chamber. Ozone 

has been able to reach upwards of 40ppm which can produce a severe decline in mass.  
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4.3.2 f43 vs f44 – ‘triangle plots’ 

 

 

Figure 24: (a) f43 vs f44 values for three days of measurements in varying conditions using both the FMI chamber and 

TSAR chamber. (b) f43 vs f44 from (Ng et al., 2011), showing ambient data and smog chamber data. 

The f43 vs f44 – ‘triangle plot’ is utilised in most data analysis for OA. This is because it 

gives a reliable view for comparison of OOA for many different circumstances e.g. ambient, 

laboratory, varying oxidation levels. It is found that most OA will fall within the triangular region 

marked on the plots. The lines are purely there to define the region and make comparison easier (Ng 

et al., 2010). Positive matrix factorisation analysis has shown that organic aerosol can be split into two 

different categories, the main ones being HOA and OOA. These two groups can also be used as 

tracers for SOA and POA (Ng et al., 2011). (Jimenez et al., 2009) also showed that OOA can be 

further split into SV-OOA and LV-OOA. LV-OOA represents highly aged/oxidised SOA and SV-

OOA represents the proportion of SOA that can be described as fresh. Figure 24 (b) represents 

ambient data split into different organic fractions. It shows that the most oxidised fractions are 

residing in the upper part of the triangle, whereas factors representing fresh emissions are residing in 

the lower part of the triangle. The triangle plot also contains smog chamber data labelled with circles 

and shows the large difference in oxidation between oxidation flow reactors and smog chambers. Fig 

24 a) shows PAM chamber results where α-pinene and toluene were used as precursors and lamp 

voltages were scanned from 70 – 230V in order to achieve PM with different levels of oxidation. 

However through visual comparison of these plots it is easy to see that the PAM chamber can produce 

oxidation of the same level as ambient data. For higher oxidation level, a larger f44 (ratio of m/z 44 to 

total organic signal in the component mass spectrum (Ng et al., 2011)) to f43 (defined similarly to 

f44) ratio is expected. However we note that fragmentation might change this ratio at the highest lamp 

intensities as observed in (Kang et al., 2011). It becomes clear with the figures above that freshly 

produced SOA (achieved using a lower UV lamp voltage) will concentrate in the lower right part of 

the triangle displaying a larger variability in f43. This large variability in f43 is there because of the 
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large experimental range of parameters e.g. type of precursor, oxidation process (ozonolysis or 

photolysis), hydrocarbon concentration, relative humidity, temperature, acidic seed particle 

concentration, oxidation level etc. Aromatics have also been found to have especially wide variability 

in f43 (Lambe et al., 2011b). The ambient data tends to remain inside the confines of the triangle 

whereas laboratory data from the PAM chamber does not.  Toluene is both a hydrocarbon and an 

aromatic compound and this data compares well to other triangle plots of aromatic hydrocarbons 

(figure 26). LV-OOA tends to congregate in the upper part of the triangle indicating that as SOA ages 

it becomes chemically similar. If SOA becomes more aged at higher f44, it can be considered that the 

f44 axis is an indicator of how aged the SOA is (Ng et al., 2010). The path the SOA takes as it moves 

towards the top of the plot is generally dependent on the type of precursor, which implies a decrease 

in mass spectral variability and an increased organic acid content (Chhabra et al., 2011).  

 

Figure 25: f43 vs f44 with toluene under high oxidation and low oxidation, dimethylamine, and 1,2,4 trimethylbenzene at 

26% RH and 60-70% RH 

Oxidation during smog chamber experiments is much gentler than flow tube experiments, 

which may explain the difference in elemental composition. This is because of the higher levels of 

OH that can be produced leading to a higher level of heterogeneous oxidation (Ng et al., 2010). This 

may be one possible reason for the higher levels of f44 seen throughout PAM chamber laboratory 

experiments. 
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 As previously discussed in section 4.2.2 it can be seen that the mass concentration drops after 

a certain point of oxidation. Figure 25 shows how the mass concentration changes throughout the 

SOA oxidation process. The pathways begin at lower levels of f44 indicating low levels of oxidation 

and little to no mass being produced which can be seen in red. As the lamp voltage is increased the 

oxidation increases, SOA formation is initiated and its mass increases with its level of oxidation. It 

follows a path to the higher region of the triangle plot, occupying a smaller region together at higher 

f44 which indicates similar elemental composition. The plot shows that for some precursors e.g. 1,2,4 

trimethylbenzene at 60-70% RH are completely oxidised and do not produce any mass at high f44. 

This can be seen from the changing colours of the pathways explained in the colour scale. As 

measurements begin, it is just the precursor with very low levels of oxidants as the UV lamps begin to 

warm up at 90-100V. O3 is approximately 0-1000 ppb which produces approximately 

1.1E+11molecule cm-3 s OH exposure corresponding to 0.9 days oxidation. 1,2,4 trimethylbenzene 

and toluene medium oxidation were both initiated with low UV lamp voltage which can be seen by 

the red points on the plot with the lowest f44 and greatest variability in f43. Toluene high oxidation 

and dimethylamine had higher oxidations with both beginning at 140V which corresponds to 

approximately 14500 ppb ozone with an OH exposure of 1.4E+12 molecules cm-3 s and 11 days 

aging. The pathways of these precursors do not begin with low mass and instead appear higher up the 

triangle where they continue to rise with an increase in mass with oxidant increase. 

 

Figure 26: Plot from (Chhabra et al., 2011) that shows the oxidation pathway of 

toluene in comparison of figure 24. 
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Figure 27: Number concentration and mass concentration for 1,2,4 trimethlybenzene at 60-70% RH. Lamp intensity begins 

at 70 volts and ends at 220volts. Mass concentration rises with number concentration, fragmentation occurs at higher 

oxidation with mass concentration decreasing despite continued increased in number concentration. 

For each precursor (except dimethylamine) a rise in mass concentration occurs as it moves 

through its oxidation pathway. Then as the precursor passes a certain point the mass concentration 

begins to decrease again, with some precursors not producing any mass. One explanation is that at 

high oxidation the precursors are completely fragmented, another is that they are lost due to diffusion 

with the walls. However a wall loss would infer a decrease in both number concentration and mass 

concentration which is not observed in figure 27. This figure shows the number and mass 

concentration for 1,2,4 trimethylbenzene as the lamp intensity is varied from 70v to 220v. When the 

mass begins to drop the number concentration continues to rise suggesting fragmentation is the main 

process for loss of mass concentration during PAM chamber measurements. If particle interaction 

with the walls was the main loss process then a simultaneous decrease for both mass and number 

concentration would be seen. It is noticeable that as the mass decreases (due to wall loss & 

fragmentation) the oxidation pathway changes, which signifies another change in the composition of 

the SOA because of the photochemical aging. The pathway also changes at the instant mass starts 

being produced and it is seen that when organic loading is increasing the precursors follow the 

triangle well then the trace changes its path as the loading decreases. Further indicating that the gas-

500x10
3

400

300

200

100

0

N
u

m
b

e
r 

C
o

n
c
e

n
tr

a
ti
o

n
 #

/c
m

3

9:00 10:00 11:00 12:00

Time

140

120

100

80

60

40

20

0

M
a
s
s
 C

o
n

c
e
n

tra
tio

n
 µ

g
/m

3

9:00 10:00 11:00 12:00

Time



46 

 

phase chemistry in the chamber is continually changing (Ng et al., 2010). During mass loading there 

is a difference in the evolution of f44 between biogenic and aromatic hydrocarbons.  

 

Figure 28: Plot of f44 as a function of mass concentration for 1,2,4 trimethylbenzene from 70 – 240V lamp intensity.  

 

At the highest voltages ozone concentration has reached 40 ppm at an OH exposure of 4E+12 

molecules cm-3 s equivalent to 30 days atmospheric aging. This shows the PAM chamber is capable of 

covering at the most a month of atmospheric aging which is enough to cover the atmospheric lifetimes 

of most species in the atmosphere. Non-Methane containing VOC’s e.g. aromatics and oxygenated 

hydrocarbons (organic acids, aldehydes and alcohols) have atmospheric lifetimes of hours to months 

(IPCC, 2014). Of course this atmospheric lifetime is dependent on the type of VOC and its 

interactions within the atmosphere. For example a gas has a shorter lifetime in the lower troposphere 

than the upper troposphere because of dynamical processes such as deposition or scavenging taking 

the substance out of the atmosphere. If a substance has a lifetime in the atmosphere greater than two 

years then it is less effected by the location of sources within the troposphere. This is because their 

lifetimes are much longer than tropospheric mixing times. 

An interesting characteristic is found between biogenic VOC’s and aromatic hydrocarbons. 

Figure 28 shows f44 as a function of mass concentration for 1,2,4 trimethylbenzene. This is a further 

indication of the SOA composition changes that occur, even after peak SOA growth has been reached, 

f44 continues to rise. This result is comparable with (Ng et al., 2010) and it is also noticeable that f44 

rises from the beginning of the measurements indicating that these substances are less volatile when 

formed through photolysis. It is also consistent with other experiments where aromatic hydrocarbons 
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exhibit high f44 values e.g. figure 25. This is not the case for BVOC’s where initially the f44 value 

decreases (Ng et al., 2010). 

 

4.3.3 Van Krevelen Diagram 

 

The Van Krevelen diagram (showing H:C to O:C ratio) was initially constructed for the 

purpose of understanding how when coal forms, its chemical composition changes. However it can be 

used now for bulk organic aerosol measurements measured using the SP-AMS to help explain how 

the chemical composition changes during the aging process. Van Krevelen diagrams can be obtained 

when using the software Igor Pro with the Pika module which performs the elemental analysis. This 

gives a good view for the data that is being viewed specifically and can be compared with other data 

as the plot dimensions are always the same. This means a comparison can be found between any data 

measured with an AMS where the hydrogen to carbon atomic ratio (H:C) and the oxygen to carbon 

atomic ratio (O:C) can be calculated. One such paper has done this and found that organic aerosol 

resides along a space in the Van Krevelen diagram that is approximately confined to a slope of -1 

(Heald et al., 2010). This then indicates a close union between H:C and O:C for many types of OA. 

This can be laboratory, ambient, aged or fresh, biogenic or anthropogenic. In this diagram OA can be 

split into primary and secondary constituents, this means physical mixing effects between primary and 

secondary organic aerosols are removed and this allows a complete exploration of the OOA evolution 

(Ng et al., 2011). It is thought that the evolution of OA is influenced by several variables, volatization, 

functionalization, oligomerization, fragmentation, condensation, oxidation and physical processes 

such as mixing. 

 

Figure 29: (a) VK diagram of measurements taken using toluene and α-pinene. (b) VK plot from [Ng et al., 2011] represents 

the same ambient data from figure 23 (b). 

 

Figure 29 has been made using three days of laboratory data using toluene and α-pinene. As 

has been discussed previously by (Heald et al., 2010), it is found that all data tends to cluster 

(a) (b) 
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approximately along the -1 slope. This data generally agrees with this theory, although its slope is a 

little shallower at approximately ~ -0.8 – 0.9. However the data shows definite correlation along the 

line further supporting this theory. From other studies it was found that laboratory SOA was not as 

oxidized as ambient data, leading to lower values of f44 and O:C ratios. It is assumed that laboratory 

SOA acts more like SV-OOA and cannot become as oxidized as ambient LV-OOA. In most chamber 

experiments oxidation is limited by residence time and higher loadings of hydrocarbons and VOC’s 

can also lead to lower levels of oxidation. (Lambe et al., 2015) found that if the SOA elemental 

composition measured by the AMS is similar for both high and low OH exposure in PAM chamber 

and smog chambers, then it may suggest that during low OH exposure the SOA chemical composition 

may be driven by gaseous oxidation of precursor gases rather than heterogeneous oxidation of 

condensed particles. 

 

One possible reason for the shallower slope found in this data could be an inclining towards 

alcohol addition or the increased possibility of fragmentation (C-C bond breaking) (Heald et al., 

2010). This leads to comparably small changes in H:C. Figure 29 (b)  (Ng et al., 2011) shows a Van 

Krevelen diagram constructed using data from (Chhabra et al., 2011;Massoli et al., 2010) where a 

smog chamber and a flow through tube were used to exhibit high OH levels comparable to the FMI 

PAM chamber. α-pinene was also used which provides a perfect base for comparison with figure 29 

(a). It is stated that the oxidation levels in the flow tubes were much higher than the chambers and 

produced O:C of approximately 1, which equates to LV-OOA in the ambient and is comparable to the 

FMI PAM chamber. This reiterates the importance of the precursor identity and OH exposure on the 

SOA oxidation state (Chhabra et al., 2010). 

 

 

 

 

 

Figure 30: Plot of OM/OC vs O/C. (a) PAM Chamber using toluene as a precursor with lamp voltage varied between 100-

230V (b) Aiken et al 2008. 
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The plots above show the organic mass to organic carbon ratio (OM/OC) as a function of 

atomic oxygen to carbon (O/C) ratio. These figures display clear correlation between O/C and 

OM/OC (Aiken et al., 2008). Comparison with other data is extremely accurate for this plot which 

shows that the laboratory data exhibits the same processes as ambient experiments and laboratory 

experiments. These figures show the most oxidized material towards the higher end of the data. This 

is because the atomic oxygen to carbon ratio represents how oxidized the OA is. This will be higher 

with photochemical processes and SOA production and lower with HOA and primary emissions. The 

data produced for this thesis displays the same attributes when compared to other measurements, but 

differs for the magnitude of oxidation for laboratory produced SOA. In figure 30 (b) the highly 

oxidized values are mostly produced from ambient measurements with the laboratory produced SOA 

found at the lower values of O/C (~0.02-0.45 O/C). This difference in laboratory data can be because 

of many different reasons e.g. precursor, chamber or flow reactor. Another the reason for this could be 

the extended residence time produced from the FMI PAM chamber and the high levels of oxidation 

available.  

 

 

 

 

 

Figure 31: Plot of H/C vs f43. (a) PAM Chamber (b) Ng et al 2011 

 (Ng et al., 2011) found that H:C correlates well with f43, even though the ion does not 

contain a large fraction of hydrogen in OOA. The plot is also useful for comparison with collected 

data because the majority is laboratory based data collected from several research papers. The 

variability that is shown in both plots between the laboratory data is mainly because of the different 

precursors used. Upon visual comparison of the plots it is clear that (a) has a steeper gradient for the 

polynomial best of fit. Leading to a drop in H:C intercept of 0.4 which indicates the H:C composition 

likely to yield f43=0 under any oxidation conditions (Ng et al., 2011). The most likely reason for the 

lower interception seen on fig 31 (a) is because all of the measurement data is being used so none of 
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the outlying points have been accounted for. This can also be confirmed by noticing the amount of 

noisy data around the correlated area. In the supplemented section of the Ng et al 2011 paper it is 

stated that the polynomial fit was used because it fitted the ambient data better. If a linear regression 

were used for figure 31(a) it is likely that the interception for H:C would be close to or above one. 

This would support the fact that the SOA measurements produced inside the PAM chamber can be a 

reliable comparison for ambient data and that the oxidation provided is enough to produce a 

comparable age. 

 

Simple aromatic hydrocarbons have a H:C of approximately 1, if they are also without a large 

alkyl group then at low oxidation levels (fresh, low age) they are the most likely SOA that can yield 

f43 = 0. Highly aged SOA is most likely to have f43 = 0 if it has a raised acid content. This is because 

the m/z 44 ion is mostly due to acids (Shank, 2011;Duplissy et al., 2011;Ng et al., 2011). 

 

 

 

 

 

Chapter 5 

Conclusions 

 

The PAM chamber was designed and created for the study of SOA formation. The PAM 

chamber simulates the same oxidant ratio of the atmosphere by having a much higher concentration. 

This allows atmospherical aging of up to a month to be simulated within minutes in the PAM 

chamber. It does this by oxidising a continuous flow of precursor gases sent through the chamber, 

allowing SOA formation to occur. The oxidation products O3, OH and HO2 are created from the 

photolysis of O2 and H2O which is initialised by two UV lamps situated inside the chamber. The level 

of oxidants can be controlled by adjusting the variable voltage supply powering the lamps. The OH 

exposure is calculated to allow the simulated atmospherical aging of the PAM chamber to be 

calculated. After this calibration the simulated aging is known for certain lamp intensities. 

Characterisation has been completed by varying numerous parameters under different experimental 

scenarios. Many precursor gases including VOC’s both biogenic and anthropogenic have been 

parametrised throughout experiment and compared with other oxidation flow reactors and also 

ambient and chamber measurements. 

The PAM chamber is able to reach typical atmospheric aging levels but also simulate the 

same photochemical processes during the aging. The oxidation pathway that the SOA follows during 

aging is dependent on different parameters. Such as precursor type oxidation process (ozonolysis or 

photolysis), hydrocarbon concentration, relative humidity, temperature, acidic seed particle 

concentration and level of oxidation. SOA evolution can be complex but the PAM chamber can 



51 

 

simulate oxidation chemistry past the point of optimum SOA growth. This point should not be 

neglected as added photochemical processes take place (Ng et al., 2010). 

 

Triangle plots have shown that the PAM chamber is able to simulate atmospheric oxidation 

when compared to ambient measurements. The same processes are also seen for both ambient and 

laboratory measurements, in that above a certain oxidation level the mass produced will decrease. 

This is likely due to fragmentation of the C-C bonds. It may be feasible in the future to test perform 

experiments that take atmospheric VOC lifetime into account and to do so within experimental 

confines that are as close as possible to the VOC’s natural environment. This means relative humidity 

and temperature are important parameters, depending on location and seasonality. Then also 

secondary precursors from local sources e.g. forests on the edge of cities have conflicting air masses 

with the emissions produced. 

Measurements using NOx (nitric oxide NO and nitrogen dioxide NO2) are an important 

subject for possible future experiments. As NOx has a large importance for vehicle emissions because 

it is produced during high temperature combustion whenever oxygen and nitrogen is present. It also 

photo-chemically reacts with UV to produce smog and helps produce tropospheric ozone (IPCC, 

2014). 
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