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The net climate effect of aerosols on Earth’s atmosphere is highly uncertain. Secondary 

organic aerosols (SOA) heavily contribute to this uncertainty because they are chemically 

complex, and their chemical and physical properties have not been fully characterized. Various 

atmospheric chemical aging processes further complicate the interpretation of the climate effects 

of aerosols. The influence of the condensed-phase aging processes, which occur inside aerosol 

particles is an active, rapidly growing topic of research. Recently, a number of aerosol aging 

experiments have been discussed; however, a systematic evaluation of the role of the condensed-

phase photochemical processes in aerosols has not been performed. 

 In this work, SOA was generated in a smog chamber or flow reactor from a variety of 

precursor types (anthropogenic and biogenic) and oxidant conditions. Additionally, experiments 

were performed on trees. Chapter 2 of this dissertation discusses the condensed-phase 

photodegradation experiments of the SOA material. The photodegradation is found to be 

efficient and atmospherically relevant. We detected a variety of volatile organic compounds 

(VOCs) that were produced during ultraviolet irradiation of SOA via proton transfer reaction 
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time-of-flight mass spectrometry (PTR-ToF-MS). Next, in Chapter 3, we quantify the rate of 

photodegradation of SOA material with a quartz crystal microbalance (QCM) that is connected 

in series with the PTR-ToF-MS. Additionally, we discuss that while the mass degradation is 

atmospherically relevant (1% per hour during the Los Angeles summer solstice), the mass loss is 

not likely to be a concern for oxidation flow reactors (OFRs) commonly used in atmospheric 

chemistry experiments.  

 Chapter 4 probes the possibility of photosensitized SOA reactions where a VOC is taken 

up into the condensed-phase aerosol material. While this reaction does occur, it is unlikely to 

compete with faster gas-phase reactions of VOCs. Finally, Chapter 5 explores preliminary 

experiments focusing on photochemical reactions on Scots pine tree surfaces. A given tree is 

isolated and coated with SOA generated by ozonolysis of its VOCs, and the tree is subjected to 

ultraviolet light to probe the photochemical reactions from the SOA coated tree. The results of 

Chapter 5 are not conclusive, but the photochemical reactions could still be important in the 

atmosphere. 
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Chapter 1: Introduction 
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1.1 Background 
 

1.1.1 Brief Context of Atmospheric Chemistry 

 

 The Earth’s atmosphere is comprised of different layers, all of which have unique 

features. From Earth’s surface to about 15 km above the sea level is the layer known as the 

troposphere. The troposphere is characterized by decreasing temperature with altitude, and the 

air within this layer mixes fairly quickly in the vertical direction due to surface heating by 

incoming solar radiation.1 The stratosphere lies above the troposphere and goes to heights of up 

to approximately 50 km. The stratosphere is characterized by increasing temperature with 

altitude resulting in much slower mixing than in the troposphere.1 This temperature increase with 

altitude is driven by the ozone layer absorbing the incoming solar radiation.1 The boundary 

between the stratosphere and troposphere is called the tropopause. Above the stratosphere, there 

are additional layers called the mesosphere, thermosphere, and exosphere. Most of the 

atmospheric chemistry that affects living species occurs in the troposphere, and to some extent in 

the stratosphere, because of convective processes, relatively warm temperatures, nearly all 

atmospheric water being in these regions, and their close proximity to the biosphere and 

hydrosphere.2  

 For the atmospheric chemistry community, considerable attention has been given to the 

fundamental mechanisms of tropospheric and stratospheric chemical reactions. The study of 

atmospheric chemistry has its modern beginnings in the study of photochemistry of small 

molecules.3-7 Different areas of the atmosphere have access to varying wavelengths of solar 

radiation. For example, only light with wavelengths longer than 290 nm can penetrate into the 

troposphere because the ozone layer in the stratosphere strongly absorbs light with wavelengths 

between ~200 and ~290 nm.8 Above the ozone layer in the stratosphere, wavelengths down to 
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200 nm are present.1 Because the radiation present in the stratosphere reaches further into the 

ultraviolet region of the electromagnetic spectrum, the photochemistry of a given atmospheric 

species could be vastly different in the troposphere and stratosphere. For example, 

photochemistry of carbonyls is driven by a weak n* transition at longer wavelengths in the 

troposphere, and by a much stronger * transition at shorter wavelengths in the stratosphere.9 

In more recent years, instead of studying exclusively gas-phase reactions, attention has 

been shifting to studying multi-phase processes involving gases, particles, aqueous droplets and 

environmental surfaces.10 This change in focus is partially driven by the inability to explain 

mixing ratios of atmospheric constituents without invoking atmospheric particles and aerosols. A 

few dramatic examples of chemistry that require multi-phase reactions include loss of N2O5 on 

aerosol particles,11 reactions of HCl and ClONO2 on polar stratospheric clouds,12 and oxidation 

of SO2 in fog droplets.13  

 

1.1.2 Atmospheric Aerosols 

 

An atmospheric aerosol, by definition, consists of liquid or solid particles (typical 

diameters of 10-9-10-4 m) that are suspended in a gas.14 Earth’s atmosphere contains a number of 

different types of aerosols, which are typically classified into inorganic aerosols and organic 

aerosols (OAs). As the names suggest, OAs predominantly contain organic compounds (i.e., 

compounds consisting of carbon, hydrogen, oxygen, and nitrogen) whereas inorganic aerosols 

are dominated by inorganic compounds such as sulfuric acid and its salts, nitric acid and its salts, 

metal oxides, and black carbon.15 In reality, compounds in particles mix, resulting in a 

continuum of aerosol types ranging in chemical composition from 100% inorganic to 100% 

organic and anything in between. A relatively small number of inorganic species actually 
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contribute to secondary inorganic aerosol formation, which include sulfur dioxide, oxides of 

nitrogen, and ammonia.15 On the other hand, hundreds of organic species can form OAs that can 

readily react in the atmosphere because of the rich variety of species present in the aerosol that 

can easily undergo chemical reactions.16  

OAs are further sub-divided into two major types based on the way they are produced: 

primary organic aerosol (POA) and secondary organic aerosol (SOA). POAs are emitted directly 

by individual sources, which include, for example, automobile exhaust or biomass burning.16-18 

Global estimates of POA emissions can be upwards of a 30 Tg yr-1.17 SOA is generally produced 

in the atmosphere when VOCs emitted from biogenic or anthropogenic sources react with 

atmospheric oxidants.14-17, 19 Common oxidants in the atmosphere include the hydroxyl radical 

(OH), ozone (O3), chlorine atom (Cl), and, during nighttime, the nitrate radical (NO3).
14, 20 In 

more urban, anthropogenic-dominated environments, oxides of nitrogen (NOx) are present21 and 

can react along with other oxidants to form OA.22-24 These products are successively oxidized to 

produce increasingly lower volatility compounds. After several oxidation cycles, the volatility is 

low enough that the oxidized VOCs can condense on pre-existing particles or assist in nucleating 

new particles.25-26 Global estimates of SOA production per year are contested with numbers 

ranging from a few to hundreds of Tg yr-1.14, 27 Additionally, the differentiation between POA 

and SOA becomes difficult to ascertain in the atmosphere, as OA is known to be quite 

complex.28 For example, gases from POA can evaporate once in the atmosphere, and these 

evaporated gases can further react and form SOA;29 therefore, the distinction between POA and 

SOA begins to blur in the actual atmosphere. SOA was selected for study in this dissertation. 

Aerosols can have negative effects on human health. Exposure to particulate matter that 

is smaller than 2.5 microns in diameter (PM2.5) has been shown to have statistical links with lung 
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cancers,30 cardiovascular disease,31 decrease in overall life expectancy,32-33 and several other air 

pollution-related illnesses.34 

The physical properties of aerosol particles have implications for Earth’s climate. The 

particles directly affect the climate by scattering or absorbing solar radiation, and this also 

contributes to reduced visibility.14, 35-37 An indirect effect of particles is modification of cloud 

formation and cloud properties.38 Because the chemical transformations of aerosol particles are 

still not fully characterized, their net effect on climate is highly uncertain.39-41 For example, in 

the latest Intergovernmental Panel on Climate Change (IPCC) report, the radiative forcing (the 

net warming or cooling of the earth from an atmospheric constituent) of aerosols was between 

+0.23 and -0.77 W m-2, indicating a highly uncertain net warming or cooling of the atmosphere 

from SOA.39, 42 This uncertainty partially arises from the lack of understanding of the chemistry 

of aerosols in the atmosphere. 

 

1.1.3 Secondary Organic Aerosol Complexity 

 

SOA is distinguished by a high degree of chemical complexity. Even if SOA is produced 

by oxidation of a single VOC precursor, there can be thousands of unique chemical compounds 

in SOA.43-48 Furthermore, the chemical composition of SOA strongly depends on the oxidant, 

concentration of VOC, presence of NOx, and environmental conditions of oxidation, such as 

actinic flux or temperature. 

SOA generated from a variety of aromatic hydrocarbons showed an overall higher yield 

for low NOx conditions under hydroxyl radical oxidation relative to high-NOx conditions,49 and 

the benzene SOA produced more phenolic compounds generated under high NOx conditions.50 

For biogenic SOA, isoprene epoxydiols (IEPOX), were formed in lower amounts in high NOx 
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environments relative to methacrolein or methyl vinyl ketone for isoprene SOA.51 Additionally, 

isoprene SOA generated separately from high- and low-NOx oxidation conditions revealed more 

organic nitrates at high NOx conditions relative to low NOx, whereas low NOx conditions 

contained >50% highly oxygenated C5 compounds.48 On the other hand, SOA formation from 

anthropogenic, aromatic precursors generated significant amounts of unsaturated anhydrides.46 

As another example, biogenic precursors formed much higher yields of lower volatility 

compounds under elevated ozone conditions relative to high-NOx condition alone.52 Therefore, 

because SOA from different oxidant conditions has highly variable chemical composition, it is 

worthwhile to study a variety of SOA types and oxidant conditions. Many different SOA types 

and oxidant conditions were selected for study in this dissertation. 

The effect of seed particles for SOA generation can also strongly influence the SOA 

composition. Even though yields of SOA can be much higher for isoprene SOA generated with 

sulfate seed particles,53 overall aerosol acidity may actually increase and an overestimation of the 

realistic aerosol yield could occur.54 Indeed, by varying the seed particle type (and also acidity) 

for the α-pinene ozonolysis SOA system, the yield of high molecular weight oligomers was 

changed.55 The sulfuric acid particles revealed a much higher yield of these oligomers relative to 

the ammonium sulfate particles. All SOA produced in this dissertation did not utilize seed 

particles. 

High molecular weight oligomers (MW > 200 Da) can be formed in a variety of SOA 

types – in cloud reactions,56 biogenic precursors under ozonolysis conditions,57-58 or 

anthropogenic SOA to list a few vastly different examples.59 Even though SOA is highly 

chemically complex, there are some patterns of functional groups present.14 Organonitrates are 

found in SOA formed during high-NOx events.60 A large sum of biogenic and anthropogenic 
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SOA contains functional groups such as aldehydes, ketones, and carboxylic acids.14 These 

groups of molecules all contain electronic transitions that are accessible at radiation wavelengths 

that are in the troposphere and the stratosphere.9 All of this aforementioned SOA chemical 

complexity is further increased when so-called aging processes occur, as described below.  

 

1.2 Aerosol Aging Processes 
 

Aging of an aerosol can involve a variety of physical and chemical processes. Physical 

aging processes can include: gas-to-particle partitioning,61 particle coagulation,29 water 

uptake/loss,62 and phase transitions.63 Chemical aging processes can involve a variety of 

processes which change the overall chemical composition of the aerosol.15, 64-75 The best known 

chemical aging reactions represent gas-phase oxidation of various semi-volatiles before their 

products partition into the particle. However, heterogeneous reactions on the particle surface and 

condensed-phase reactions inside the particle can also occur, and in some cases, they can be 

more important than gas-phase aging processes.76 For example, sulfur dioxide can be efficiently 

oxidized in fog droplets to form sulfate and further sulfuric acid.77 N2O5 (a reservoir for NOx 

species) can be removed in large amounts by aerosols, thus significantly reducing its ozone 

forming potential.78 Additionally, fatty acids, such as oleic acid, can be oxidized by ozone on the 

surface of particles.79 

The chemical aging of organic aerosols is not well understood.15 Historically, it was 

assumed that the aging of OA was largely driven by gas-phase processes followed by gas-to-

particle partitioning,80-81 heterogeneous uptake and reactions of oxidants,69, 82-83 and aqueous 

reactions.84-86 The gas-phase reactions implicated in aerosol aging are typically between a 

semivolatile VOC (SVOC) and an oxidant, which often yields successively lower volatility 
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species and can contribute to net aerosol growth.80 As the name suggests, the heterogeneous 

reactions can be between a gas-phase component (usually an oxidant), and a condensed-phase 

component (usually a molecule that can be easily oxidized). After uptake of the oxidant, the 

chemical reactions within the OA can contribute to a change in particle density,69 an increase in 

oxidation state,82 and a change in the size of the OA particles83 to name a few important effects. 

Aging studies often involve taking an organic compound that is representative of 

environmental organic species and exposing it to an oxidant in a suitable reactor.87-89 More 

recently, efforts have been put forth to try and understand the aging of an entire SOA sample, 

which consists of a number of different compounds and is more atmospherically realistic. For 

example, after being generated in a chamber, SOA from α-pinene,64 toluene,65 or polycyclic 

aromatic hydrocarbons66 were subjected to further photooxidation from the hydroxyl radical and 

UV lights. As mentioned previously, the precursor and oxidant conditions strongly affect the 

aging processes. For example, the aging of naphthalene/low NOx SOA in a chamber yielded 

insignificant changes in overall observed products in the aerosol phase when subjected to further 

OH and UV lights.66 On the other hand, toluene/high NOx yielded changes in identity of the 

products but little change in hygroscopicicity.90 As another example, α-pinene ozonolysis SOA 

was aged with OH and separately with UV radiation.67 The OH aging led to a net 

functionalization and increase in mass loading of the SOA whereas the UV radiation led to 

photolysis-driven degradation reactions. Clearly the chemistry occurring within the SOA during 

aging processes is complicated, so a more detailed understanding of the reactions occurring is 

important to study. 

One way to help understand these photochemical aging processes is to separate the 

gaseous and particulate compounds and study aging processes in just the condensed-phase. 
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Indeed, these condensed-phase reactions appear to be quite important.15, 27, 73, 91 For example, 

Hodzic et al. noted in a modeling study that just the particle phase photochemical reactions alone 

can efficiently degrade and remove SOA from the atmosphere in a time period of less than 7 

days.91 A more accurate picture of OA aging should therefore include condensed-phase 

photochemical reactions, which change the OA chemical composition and presumably physical 

properties.73 

There are not too many studies in the literature where the condensed aerosol phase 

photolysis reactions in SOA have been investigated. Some of these studies have investigated 

photoproduction of VOCs during irradiation of SOA material collected on a substrate with 

techniques such as Cavity Ring-Down Spectroscopy (CRDS),92 Chemical Ionization Mass 

Spectrometry (CIMS),89 Gas Chromatography (GC),93 and Fourier Transform Infrared 

Spectroscopy (FTIR).94 Another study re-aerosolized α-pinene SOA extracted material into a 

small chamber and further aged them in a chamber with UV light.95 Yet another study irradiated 

α-pinene/O3 SOA that was sent from a chamber through a denuder train to strip away the 

oxidants and some VOCs.73 The resulting particles were irradiated as they were sent through a 

flow tube. The mass loss resulting from the condensed-phase photochemical reactions was 

determined to be fast enough to consider in the atmospheric chemistry of SOA.  

In the aqueous phase, several different types of SOA have been exposed to UV radiation, 

and the resulting photoproducts were investigated with high resolution mass spectrometry.43 The 

resulting products were strongly correlated with the SOA precursors and the oxidation method 

(ozonolysis, high NOx, etc.). For example, ozonolysis of biogenic monoterpenes showed a more 

drastic change in composition than that of the aromatic precursors under high NOx conditions. In 

another study, aqueous organic aerosol was formed from phenolic compounds and thereafter 
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photochemically aged.96 Initially, functionalization reactions dominated the aging processes. 

However, after a longer period of photochemical aging, photofragmentation reactions dominated. 

As another example, dimers formed during α-pinene ozonolysis were photooxidized in 

solution.97 These compounds photodegraded rapidly. Knowledge of a variety of SOA types is 

necessary for better understanding of the resulting chemistry and products, especially during 

these aging processes. 

While these previous studies suggested that condensed-phase photochemical reactions are 

important, they were qualitative in nature and also did not cover a wide-enough range of SOA 

types. Additionally, some of these studies relied on exposure of SOA to 254 nm radiation,94 

which is not a relevant wavelength in the troposphere. One of the main motivations for this 

dissertation is to systematically investigate this aging process of the condensed phase SOA 

material that is driven by tropospherically relevant UV irradiation. Chapters 2, 3, and 4 of this 

dissertation discuss some of these aging processes from laboratory-generated SOA. 

 

1.2.1 Condensed-Phase Aerosol Photochemical Aging Techniques 

 

Various methods to study condensed-phase photochemical reactions in OA particles are 

summarized below.  These include a static chamber, a flow tube, and a substrate. Figure 1.1 

provides a visualization of these three methods.   
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Figure 1.1. Commonly-used methods for production of VOCs from aged OA.  The blue circles 

correspond to the OA particles dispersed in a gaseous phase or collected on a substrate, while hν 

corresponds to photons of light inducing chemical aging often accompanied by the production of 

VOCs. 

 

In a static chamber, the SOA is either oxidized in the same chamber where it was 

generated,66, 68, 98-99 or it is collected and extracted then re-aerosolized (in order to get rid of 

gaseous components of aerosol) and thereafter oxidized.95 This method provides useful 

information about the SOA condensed-phase photochemical processes, but it suffers from strong 

interference from photochemistry involving gas-phase species surrounding the particles. 

Additionally, there may be possible artifacts from the collector and extraction process. 

In a combined chamber - flow tube setup, the SOA formed in a chamber passes through a 

denuder to strip away gaseous components of aerosol and then sent through a quartz flow tube 

surrounded with UV lamps. This method offers advantages over the static chamber methods – it 

avoids secondary oxidation of the species from photoproduced oxidants and gases (due to its 

inherent non static flow conditions); however, it still suffers from interference from the re-

evaporated gas-phase components of the aerosol.73 For example, upon exiting the denuder, the 

particles can evaporate, thus re-populating the gas phase with photolyzable molecules. 

Using a substrate to collect the condensed-phase particles is yet another method.92-93, 100 

This involves impacting the OA onto a photochemically inert substrate (a Teflon filter or a CaF2 

window) by an impactor (such as a Micro Orifice Uniform Deposit Impactor (MOUDI) or a slit 
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impactor). The irradiation of the SOA material is then done directly on the substrate. The main 

disadvantage of this method is that it can suffer from some mass-transfer limitations during 

photolysis.101-105 Specifically, the thickness of the SOA material film is much larger than the 

diameter of a typical SOA particle making it difficult for the product molecules to diffuse out 

and/or oxygen (which often participates in photochemistry) and water to diffuse in. This method 

does offer the distinct advantage, though, of the lack of interfering gas-phase chemistry, which 

helps elucidate the influence of the condensed-phase photolysis of the OA. This dissertation 

work utilizes the substrate collection method. 

 

1.2.2 Photosensitization Reactions 

 

 Molecules possessing photosensitization properties are potentially important for aging of 

SOA. A photosensitizer works by strongly absorbing radiation and transferring the excitation 

energy to another molecule that would not normally absorb at that wavelength.106-107 This 

generally requires an efficient intersystem crossing of the photosensitizer to form a long-lived 

triplet electronic state.107 Molecules that are good candidates for photosensitizers usually include 

molecules that have delocalized electrons,107 which many aromatic species possess. Many 

identified molecules in POA and SOA contain aromatic molecules capable of 

photosensitization,108 such as imidazoles109 and benzophenones.110 It has been suggested that 

photosensitized reactions between the excited photosensitizer and surrounding VOC molecules 

may be a driving force behind SOA growth in the atmosphere.111 The majority of the previous 

experiments have involved single photosensitizer molecules such as PAHs and aromatic 

carbonyls dispersed in an inert organic matrix. Chapter 4 explores these photosensitized 

reactions with the full set of compounds found in the SOA material.  
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1.3 Aerosol VOC Precursors Studied 
 

Several VOC precursors were used to make SOA for this work. They are from a variety 

of sources, including biogenic, biomass burning, and anthropogenic sources. Table 1.1 shows the 

names, structures, types of precursors, and some sources of these molecules. 

 

Table 1.1. The VOCs used in this work to generate SOA. Column 1 lists the common name 

followed by the IUPAC name, and finally the abbreviation used in this dissertation. Column 2 

shows the structure of each of the molecules. Column 3 categorizes which type of precursor each 

molecule is, and then it lists some common sources for each. 

Names Structure Type of Precursor/Source(s) 

α-Pinene  

(1S,5S)-2,6,6-

Trimethylbicyclo[3.1.1]hept-

2-ene 

APIN 

 

Biogenic 

Coniferous trees112 

Isoprene 

2-Methylbuta-1,3-diene 

ISO 

 Biogenic 

Oak, Poplar, Eucalyptus 

Trees; Shrubs113 

d-Limonene 

1-Methyl-4-(1-

methylethenyl)-cyclohexene 

LIM 

 Biogenic 

Citrus Trees/Fruit114 
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Guaiacol 

2-methoxyphenol 

GUA 

 

Biomass Burning 

Wood Smoke115 

Naphthalene 

NAP  

 

Anthropogenic 

Byproduct of Heating Coal 

Tar; Main Ingredient in 

Mothballs116-117 

Tetradecane 

TET 

 Anthropogenic 

Unburned Fuel118 

Mesitylene 

1,3,5-Trimethylbenzene 

TMB 

 

Anthropogenic 

Byproduct of Diesel and 

Gasoline Combustion, Coal 

Tar117-118 

 

These SOA precursor molecules were selected because they represent a variety of types 

of molecules – from a conjugated ring system of naphthalene (the simplest polycyclic aromatic 

hydrocarbon119) to the linear alkane tetradecane. α-pinene and limonene were selected because 

they are quite common in the atmosphere.120 Globally, monoterpenes (a class of molecules to 

which α-pinene and limonene belong) represent 11 % (by weight of carbon) of the total biogenic 

VOC emissions per year,120 which is comparable to all anthropogenic VOC sources.121-122 

Additionally, α-pinene and limonene contain an endocyclic double bond, which can readily react 

with ozone to form SOA.123-124 Monoterpenes are also known to have high SOA yields.125 1,3,5-
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trimethylbenzene is a well-studied SOA precursor.126-128 Isoprene is the most-emitted non-

methane hydrocarbon in the atmosphere.113, 120 Even though its SOA yield is relatively low,125, 129 

the high global emissions, which are over 600 Tg yr-1
, make isoprene an important precursor for 

atmospheric particulate matter.130 Guaiacol was selected because of its biomass burning sources, 

and aerosol made from it was previously shown to be strongly light-absorbing.43 

 

1.4 General Methods of the Dissertation 
 

1.4.1 SOA Generation and Collection from Smog Chamber 

 

 SOA was generated in a smog chamber for the work presented in Chapters 2, 3, and 4. 

The general parameters of the chamber are described in this section, while specific details 

pertaining to each experiment are described in each corresponding chapter. The chamber is ~5 

m3 in volume with flexible FEP Teflon serving as the chamber walls. The chamber is enclosed 

with an opaque, rigid structure to support the chamber walls and to prevent UV light from 

escaping the chamber. Forty-two UV-B lamps (SolarcSystems, Inc. Model FS40T12/UBV) 

centered at 310 nm surround three sides of the chamber and are used to irradiate the sample and 

initiate photooxidation. Incoming purge air (Parker FT-IR purge gas generator) can be optionally 

humidified by a Nafion exchanger (Perma Pure model FC125-240) coupled to a heated water 

circulator (Julabo model HE-BASIS) at 30°C.  

 Various oxidation conditions were used for this work for the smog chamber. For OH/Low 

NOx conditions, a measured volume (typical volume of tens of µL) of 30 wt% solution of H2O2 

was added to the chamber via a glass trap with a stream of the zero air at approximately 10 SLM 

through a partially heated (70 °C) stainless steel tube. For OH/high NOx conditions, before 

adding the peroxide solution, NO gas was delivered from a premixed gas cylinder (Praxair) with 

a calibrated mass flow controller operated for a set time period. For ozonolysis conditions, ozone 
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was generated by flowing UHP Oxygen (AirGas) at 6 SLM over an ozone generator lamp setup 

(Ozotech, model OZ2SS-V/SW). The pure SOA precursor was then added to the chamber in the 

same way as the peroxide solution (except in the case of naphthalene, which is discussed in 

further chapters). The oxidant(s) and the precursor were mixed via a fan inside the chamber for 

several minutes before the lamps were turned on (except for ozonolysis conditions) to initiate the 

photooxidation. 

 The generation of SOA can be monitored with several instruments and sensors. The 

temperature and relative humidity (RH) were monitored with a Vaisala HMT333 probe. The 

ozone and NOy (nitrogen oxides plus compounds from the oxidation of these oxides) mixing 

ratios were monitored with Thermo Scientific 49i and 42i-Y monitors, respectively. Particle size 

distribution and number concentration were measured with a scanning mobility particle sizer 

(SMPS; TSI model 3936). The PTR-MS (discussed in another section in this chapter) was also 

used to track the precursor in selected experiments. After a maximum mass particle 

concentration was achieved in the SMPS readings (typically after 1-4 hours), the lamps were 

shut off (except for the dark ozonolysis experiments) and SOA collection began. 

 Several collection methods can be used from the chamber. For this work, the substrate 

collection was employed. The MOUDI cascade impactor131 (MSP Corporation, model 110-R) 

was used to collect particles at a rate of 30 liters per minute, so a stream of makeup air from the 

purge air generator was introduced to the chamber at the same time. Before the MOUDI, a 

charcoal denuder was used to help strip away the gas-phase species. Typically stage 7 of the 

MOUDI (0.32-0.56 m particle size range) collected the most aerosol mass for this work. 

Custom-built aluminum rings were used to hold the 2.54 cm CaF2 windows in place in the 
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standard MOUDI substrates. A diagram of the chamber and collection setup is shown below in 

Figure 1.2. 

 

 
Figure 1.2. A diagram of the smog chamber utilized for this work. The constituents in 

parentheses were used as needed for specific experiments. 

 

1.4.2 SOA Generation and Collection from Aerosol Flow Tube 

 

 SOA was also generated in an aerosol flow tube132 for work involved with Chapter 2 

(control studies) and Chapter 3. The flow tube is ~17 L in volume with ozone used as the VOC 

oxidant. The flow tube was kept at ambient temperature and pressure and the RH was kept <2%. 

Ozone was generated by flowing ~0.6 SLM of UHP oxygen over an ozone generator (Ozotech, 

model OZ2SS-V/SW). The ozone mixing ratio was determined with an ozone analyzer (AFX, 

model H1). This ozone was mixed with a VOC that is injected by a syringe (Hamilton GasTight) 

and syringe pump at a rate of 25 μL hr-1 (Fisher Scientific, model 14831200) through a septum 

and air flow of zero air at 5-7 SLM. This resulted in mixing ratios of 60-100 ppmv of ozone and 
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~5 ppmv of the VOC. Even though the residence time in the flow tube was a few minutes, 

sufficient SOA production was observed because of the high mixing ratios of the reactants. After 

the flow tube, the SOA passed through a 1 m long charcoal denuder to remove residual ozone 

and some VOCs. The MOUDI was used for collection of the SOA particles with the flow tube as 

well. A HEPA filter (TSI, model 1602051) tee was placed at the end of this denuder to admit 

particle-free make-up air from the lab; otherwise the high MOUDI flow rate (30 liters per 

minute) would collapse the flow tube. Much like the smog chamber, stage 7 of the MOUDI 

usually yielded the most mass, and SOA particles from this stage were usually used for analysis. 

Typical collection times ranged from 30 minutes to 2 hours. Figure 1.3 shows the flow tube 

setup. 

 

 
Figure 1.3. The aerosol flow tube setup. The VOC is injected and mixed with ozone at the 

entrance of the flow tube. After leaving the flow tube, the SOA is run through a charcoal denuder 

to remove ozone and other gasses. The HEPA filter provides makeup air for the MOUDI. 
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1.4.3 Proton Transfer Reaction Time-of-Flight Mass Spectrometer 

 

 For much of this dissertation work, PTR-ToF-MS was used to detect VOCs. PTR-MS 

relies on chemical ionization by hydronium ions (H3O
+) as the ionization mechanism.133-134 

These hydronium ions transfer a proton to the analyte, and the resulting ionized species is 

detected – hence the name of this method. PTR-MS is a so-called “soft ionization” method of 

mass spectrometry; this means that there is relatively little fragmentation of the analytes relative 

to harder ionization methods (such as electron impact ionization). It is a highly sensitive 

technique that allows the user to detect as low as single digit part-per-trillion (ppt) levels of 

mixing ratios of analytes.  

 PTR-MS also allows for sampling at ambient pressures and temperatures with no pre-

concentration of air samples necessary (other than assuring the measured VOC levels are below 

the ppmv level to prevent overwhelming this sensitive instrument). Because of the low levels of 

fragmentation, and ability to sample at ambient conditions, this method is ideal for detection of 

VOCs. 

The basic (simplified) chemical reaction that PTR-MS relies on is: 

 𝐻3𝑂+ + 𝑅 → 𝑅𝐻+ + 𝐻2𝑂          (1.1) 

where R is the analyte of interest and RH+ is the analyte with the transferred proton.  In order for 

this reaction to be thermodynamically favorable, the proton affinity of R must be higher than that 

of water (7.22 eV). A particularly powerful advantage of PTR-MS is that the most common 

compounds found in air (e.g., nitrogen, oxygen, argon, and carbon dioxide) do not have high 

enough proton affinities to be ionized by this mechanism. Therefore, trace levels of VOCs can be 

detected without much interference from the common air molecules – something that would be 

hard to with a less selective electron impact ionization source.   
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1.4.4 Quartz Crystal Microbalance 

 

 The work presented in Chapter 3 utilized a Quartz Crystal Microbalance (QCM) to 

sensitively measure the mass of SOA samples during irradiation. A QCM is a piezoelectric 

resonator that can measure sub-microgram changes in mass in real time.135-137 The underlying 

principle of operation is that the resonance frequency of a quartz crystal depends on the amount 

of mass that is deposited on its surface. The QCM used in this work operates at a frequency of ~5 

MHz When material is added or removed from the crystal surface, the measured frequency is 

changed, which can be easily measured. 

 For this dissertation, SOA was collected directly onto the QCM crystals using the 

MOUDI particle collector. A QCM crystal was placed directly on top of a CaF2 window in the 

MOUDI with the previously-mentioned custom-made rings to hold the window and QCM crystal 

in place. The QCM setup for this dissertation was from Stanford Research Systems (model QCM 

200), and it was modified to allow the photoproduced VOCs to be detected by the PTR-ToF-MS 

(discussed in Chapter 3). 

 

1.5 Structure of the Dissertation 
 

 Chapter 2 discusses the first set of photodegradation experiments we performed. This 

chapter focuses on the photoproduction of VOCs that are detected via PTR-ToF-MS during 

irradiation experiments with 305 nm light from a UV-LED. Four photoproduced VOCs were 

detected and quantified using PTR-ToF-MS across a range of SOA types. From this information, 

we scaled these measurements up to use “back of the envelope” calculations to determine how 

much formic acid could be produced as a result of photodegradation of SOA in the atmosphere 

per year, which was found to be significant. Additionally, we made conjectures about how much 

mass could be lost from the SOA particles over time during atmospheric aging. 
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 Chapter 3 follows up Chapter 2 by utilizing a QCM in addition to the PTR-ToF-MS. This 

instrumental setup provides more direct information about the mass loss of SOA particles from 

photodegradation in real time. Additionally, we utilized 3 different irradiation wavelengths to 

determine the efficiency of photodegradation and thereafter more realistic photodegradation rates 

in the atmosphere. 

 Chapter 4 discusses the possibility of photoinduced uptake of VOCs into the SOA 

particles. This is the opposite effect of the photodegradation experiments – we wanted to see if it 

was possible for mass increases in the deposited SOA material to occur because of the 

photosensitized uptake of the VOC limonene. We determined that while there was some 

photoinduced uptake, the rate of this process was too slow, and it could not compete with the 

photodegradation that occurs simultaneously. We hypothesized at the end of this work that 

perhaps the photosensitized reactions would be more important near the leaf boundary layer. 

 In Chapter 5, we discuss preliminary work done at the University of Eastern Finland in 

Annele Virtanen’s group. The photodegradation and photosensitization experiments of SOA 

produced on and near tree surfaces are described in this Chapter. The experiments utilized Scots 

Pine saplings isolated in Teflon bags. The trees were subjected to UVB light followed to stress 

the trees and have them emit more volatiles. Then the trees were subjected to ozone to produce 

SOA from the tree volatiles and to coat the needle surfaces with aerosol material. After this, the 

trees were once again treated with UVB radiation to see if the photodegradation or the 

photoinduced uptake would occur on atmospherically-relevant time scales. 
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Chapter 2: Photodegradation of Secondary Organic Aerosol 

Particles as a Source of Small, Oxygenated Volatile Organic 

Compounds 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Portions of this chapter are reproduced with permission from Malecha, K. T.; Nizkorodov, S. A. 

“Photodegradation of Secondary Organic Aerosol Particles as a Source of Small, Oxygenated 

Volatile Organic Compounds.” Environmental Science and Technology 2016, 50, 9990-9997; 

DOI: 10.1021/acs.est.6b02313. 

Copyright 2016 by the American Chemical Society. 
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2.1 Abstract 

We investigated the photodegradation of SOA particles by near-UV radiation and 

photoproduction of oxygenated volatile organic compounds (OVOCs) from various types of 

SOA. We used a smog chamber to generate SOA from -pinene, guaiacol, isoprene, tetradecane, 

and 1,3,5-trimethylbenzene under high-NOx, low-NOx, or ozone oxidation conditions. The SOA 

particles were collected on a substrate, and the resulting material was exposed to several mW of 

near-UV radiation (λ~300 nm) from a light-emitting diode. Various OVOCs, including acetic 

acid, formic acid, acetaldehyde, and acetone were observed during photodegradation, and their 

SOA-mass-normalized fluxes were estimated with a PTR-ToF-MS. All the SOA, with the 

exception of guaiacol SOA, emitted OVOCs upon irradiation. Based on the measured OVOC 

emission rates, we estimate that SOA particles would lose at least ~1% of their mass over a 24 h 

period during summertime conditions in Los Angeles, California. This condensed-phase 

photochemical process may produce a few Tg/year of gaseous formic acid – the amount 

comparable to its primary sources. The condensed-phase SOA photodegradation processes could 

therefore measurably affect the budgets of both particulate and gaseous atmospheric organic 

compounds on a global scale.  

2.2 Introduction 
 

Aerosols directly affect climate by scattering and absorbing solar radiation and by 

modifying cloud properties.42 Organic compounds represent the major aerosol component, 

occurring in comparable amounts to sulfates, nitrates, and other major inorganic species.16 POA 

are emitted directly by their sources, whereas SOA are produced by atmospheric reactions of 

VOCs with oxidants.16 Various atmospheric processes involving organic aerosols (OA) and their 
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components remain poorly understood, in part due to their complex chemical composition. A 

randomly selected OA particle could contain thousands of different compounds.15 

Aging of an aerosol involves a change in composition and physical properties through 

various chemical and physical processes.15 It is commonly assumed that the formation and 

chemical aging of SOA is driven by gas-to-particle uptake of low-volatility organics and by 

reactive uptake of oxidants by the particles’ surfaces, with little, if any, chemistry occurring 

inside the particles. Recent evidence suggests that aging processes occurring in the condensed 

organic phase may be just as important.15, 138 The condensed-phase photochemical reactions may 

not only change the SOA composition, but also change the volatility distribution of the SOA 

compounds resulting from photoinduced fragmentation of SOA compounds into more volatile 

products.67 Indeed, a recent modeling study by Hodzic et al.91 showed that inclusion of 

condensed-phase photolysis in a GEOS-Chem model can potentially result in 50% of particle 

mass loss after 10 days of aging. This estimate is probably too high because Hodzic et al. made 

an unrealistic assumption that condensed-phase photolysis of organics occurs at the same rate as 

in the gas phase, disregarding matrix effects on photolysis. Absorption coefficient measurements 

of different types of SOA also suggested that lifetimes of SOA with respect to condensed-phase 

photochemistry could be quite short—assuming that every absorbed photon leads to a chemical 

reaction.74 SOA mass loss, and consequently, decreases in particle size due to UV irradiation 

have been experimentally observed in several laboratory studies.67, 73, 75, 95, 129, 139 

One way to study condensed-phase photochemical reactions in SOA particles is through 

irradiation of a model SOA prepared in a smog chamber or a flow reactor.73 However, a potential 

issue with this approach is the difficulty of separating condensed-phase photochemical processes 

in particles from gas-phase photochemistry of volatile organics surrounding the particles. A way 
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to more selectively study condensed-phase photochemical aging is to do experiments with bulk 

SOA material after driving away the volatile constituents,92-93, 100 for example, by depositing the 

SOA particles onto an inert substrate and carrying out UV irradiation directly on the substrate. 

This method offers a key advantage in that the photochemistry of gas-phase species (such as 

oxidant precursors and volatile organics present in chamber experiments) no longer interferes 

with the condensed-phase photochemistry occurring inside the SOA particles. A disadvantage of 

this method is that it can suffer from mass-transfer limitations during photolysis. Specifically, the 

time for the primary volatile products of photolysis to evaporate from the organic film (typical 

thickness >10 m) may be too long compared to that for an isolated aerosol particle (typical 

diameter <0.5 m), and as a result, the primary volatile products of photolysis may undergo 

secondary photochemical reactions before having a chance to escape from the film. For example, 

formic acid may actually be one of these secondary photoproducts, as suggested by Vlasenko et 

al.101 In addition, the bulk film may be more depleted of oxygen during irradiation compared to 

aerosol particles. Previous experiments of this type in our laboratory demonstrated that 

condensed-phase photochemistry of SOA at  > 295 nm produced formic acid, formaldehyde, 

and many other compounds, but we have not attempted to quantify the rate of 

photodegradation.92-93, 100 Related experiments by Hung et al.94 found a significant effect of 254 

nm radiation on SOA prepared from isoprene and -pinene. To the best of our knowledge, 

photodegradation of other types of SOA has not been studied, and the kinetics of these processes 

have not yet been investigated. 

The rate and extent SOA material photodegradation can be evaluated indirectly from the 

amount of selected volatile products produced by the photodegradation. For example, carbon 

monoxide is a convenient tracer of photolysis of carbonyls.93 In this study, we focus on the 
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photochemical production of several oxygenated VOCs (OVOCs), including formic acid, acetic 

acid, acetaldehyde, and acetone, in the photodegradation of different types of SOA. We find that 

these OVOCs are produced for a range of SOA types. We estimate that the SOA particles lose at 

least 1% of their mass per day under representative atmospheric conditions.  Although the mass 

loss rate is modest, this photodegradation process can measurably affect the chemical 

composition of both particulate and gaseous components of aging SOA.  

 

2.3 Experimental Section 
 

An overview of the experimental methods is shown in Figure 2.1. SOA was generated in 

a ~5 m3 Teflon™ chamber in the absence of seed particles. The SOA formation was tracked with 

an SMPS, an NOy monitor (Thermo Scientific model 42i-Y), an ozone monitor (Thermo 

Scientific model 49i), and, for selected experiments, a PTR-ToF-MS (Ionicon model 8000).  
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Figure 2.1. A diagram of SOA photodegradation experiments. The SOA is prepared in the 

chamber and monitored with the instruments on the left of the diagram. After a maximum 

particle concentration is achieved, the particles are collected, annealed, and thereafter irradiated 

with a UV-LED directly on the substrate. The resulting OVOCs are monitored with the PTR-

ToF-MS. 

 

Before SOA generation, the chamber walls were cleaned by exposure to high levels of 

OH and O3 in humidified air to promote oxidation/removal of remaining species on the walls of 

the chamber and thereafter flushed with purge air. For a given experiment, the oxidants or their 

precursors were then added to the chamber; H2O2 served as an OH precursor in low NOx and 

high NOx photooxidation experiments; O3 was used as an oxidant in dark experiments. The 

hydrogen peroxide was added by evaporating a measured volume of 30 wt% H2O2 solution from 

a glass trap under a stream of purge air at a rate of ~10 SLM, NO was added from a premixed 
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gas cylinder, and O3 was added by passing oxygen through a commercial ozone generator. The 

VOC, which served as the SOA precursor, was injected into the chamber by evaporation into a 

flow of air, via the same method as H2O2. Ideally, these experiments should have probed a range 

of VOC concentrations to examine the effect of the concentration on SOA photochemistry; 

however, for this exploratory study, we had to use relatively high VOC mixing ratios, listed in 

Table 2.1, in order to collect sufficient amounts of SOA material for the experiments. A Teflon-

coated fan mixed the precursor and oxidant(s) for several minutes before being shut off to reduce 

wall loss of particles. UV-B lamps (centered at 310 nm; FS40T12/UVB, Solar Tec Systems, Inc.) 

were turned on for all experiments, except for those performed with ozone as the oxidant. The 

aerosol was allowed to form for 1-5 hours (until a maximum particle mass concentration was 

achieved) before the collection. Table 2.1 lists the conditions used in all the experiments. 
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Table 2.1. Summary of the SOA samples prepared in this work.a 

aThe oxidants correspond to “O3” = Ozone, “OH, High NOx” = High NOx conditions, “OH, Low 

NOx” = Low NOx conditions. Columns 4-7 contain approximate starting mixing ratios of the 

precursors and oxidants.  

 

SOA was collected with a MOUDI equipped with custom-made metal supporting rings to 

accommodate the uncoated CaF2 windows as substrates instead of Teflon or foil filters. We 

typically collected hundreds of micrograms of SOA material per window; the largest amount was 

typically found on stage 7 of the MOUDI (0.32-0.56 m particle size range). The window was 

then placed in a laboratory oven overnight at 40°C with ~10 SLM of purge air flowing over it in 

order to drive off higher volatility species and anneal the collected SOA particles into a more 

uniform film on the window. The typical material loss during this process was a few percent of 

Pre-

cursor 

Oxidant(s) # of 

repeat 

samples 

Pre-

cursor 

(ppmv) 

H2O2 

(ppmv) 

NO 

(ppbv) 

O3 

(ppmv) 

Reaction 

Time (h) 

Collec

tion 

Time 

(h) 

APIN OH, Low 

NOx 

4 1 5 0 0 3 4 

APIN OH, High 

NOx 

5 1 5 400 0 3 3 

APIN O3 4 0.5 0 0 3 1 6 

GUA OH, Low 

NOx 

3 0.5 2 0 0 3 4 

GUA OH, High 

NOx 

3 0.5 2 400 0 3 4 

ISO OH, Low 

NOx 

6 3 18 0 0 5 2.5 

ISO OH, High 

NOx 

5 2 12 600 0 3 4 

ISO O3 3 4 0 0 4.5 2 3 

TET OH, Low 

NOx 

6 1 8 0 0 5 2.5 

TET OH, High 

NOx 

4 0.5 4 600 0 0.5 3.5 

TMB OH, Low 

NOx 

2 0.5 4 0 0 3 3 

TMB OH, High 

NOx 

2 0.5 4 0 0 3 1 
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the collected total mass, as verified by weighing with a Sartorius ME5-F microbalance (1 g 

precision). 

The window was then placed into a custom-made glass flow cell with 550 sccm of purge 

air flowing over the window. A UV-light emitting diode (UV-LED; QPhotonics, Inc. UVClean 

300-15) with a wavelength centered at 305 nm, a full width half maximum of 10 nm, and a 

power of ~3 mW at 0.8 A current (measured with a Coherent Powermax PS19Q power sensor) 

was used to irradiate the particles on the CaF2 window. The actual spectral flux density 

experienced by the SOA sample was also measured using actinometry as described by Bunce et 

al.140 The actinometry and direct power measurements agreed with each other to within a factor 

of 2.  

The OVOCs resulting from the SOA photodegradation were detected with a PTR-ToF-

MS (drift tube voltage of 600 V, field strength of ~120 Td, drift temperature 60 °C and resolving 

power of m/m ~5×103). The OVOC mixing ratios in the air flowing over the irradiated sample 

were estimated using the built-in calculations of the PTR-ToF-MS Viewer software from Ionicon 

Analytik (v.3.1.0.31), transmission curves created from a calibrated “TO-14” aromatics mix 

(Linde), and rate constants between the hydronium ion and the OVOCs from Zhao and Zhang.141 

In order to verify the mixing ratios estimated by this method, a calibration of the PTR-ToF-MS 

was performed for selected OVOCs.  

The PTR-ToF-MS was calibrated for the four OVOCs analyzed for this study 

(acetaldehyde, acetone, acetic acid, and formic acid) by evaporating a known amount of a given 

OVOC into the cleaned 5 m3 chamber and monitoring the [M+H]+ peak, corresponding to the 

protonated OVOC. The OVOC was added to the chamber in small increments, and the 

corresponding PTR-ToF-MS signal was measured after each successive addition. The inlet line 
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through which the OVOC was injected into the chamber was heated throughout the experiment 

to 60 °C, and the PTR-ToF-MS inlet line was also heated to the same temperature to prevent 

losses of OVOC on the steel surfaces of the inlets. We created a calibration plot for each OVOC 

comparing the actual amount of OVOC in the chamber with that reported by the PTR-ToF-MS 

instrument (Figure 2.2). The resulting calibration factors, representing the ratio of the measured 

to the actual OVOC concentrations, ranged from 1.1 to 4.9. Confidence intervals were calculated 

at the 95% level based on the uncertainty in the injection, the PTR-ToF-MS traces, and the 

resulting linear regression. These values are reported in Table 2.2.  

We should point out that the calibration was done several months after the SOA 

photodegradation experiments, following a suggestion from the paper reviewers. To make the 

calibration as relevant as possible, the PTR-ToF-MS instrumental parameters were kept the same 

as when the photodegradation experiments were carried out. Nevertheless, because of the large 

time span between the experiments and the calibration, the conclusions reported in this chapter 

should be viewed as qualitative. 
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Figure 2.2. The PTR-ToF-MS calibration plots for (A) acetaldehyde, (B) acetone, (C) acetic 

acid, and (D) formic acid. The horizontal axis is the PTR-ToF-MS measured mixing ratio and the 

vertical axis is the known amount that was injected into the chamber.  Each data point has 

vertical and horizontal error bars corresponding to 95% confidence intervals of the amount of 

OVOC present and measured, respectively. The vertical error bars increase with the OVOC 

amount because of the accumulation of errors in the successive injections of the OVOC in the 

chamber. 
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Table 2.2. The resulting calibration factors for each OVOC.  For the SOA photodegradation 

experiments, we multiplied the mixing ratios measured by PTR-ToF-MS by this factor for each 

OVOC in the main text analysis. The subscripted digits correspond to the first nonsignificant 

digit. 

OVOC Calibration Factor 95% Confidence Interval 

Acetaldehyde 1.58 0.23 

Acetone 1.10 0.42 

Acetic Acid 1.96 0.53 

Formic Acid 4.89 0.97 

 

2.4 Results and Discussion 
 

2.4.1 Photoproduction of OVOCs 

 

The result of a typical SOA irradiation experiment is shown in Figure 2.3 for an ISO/O3 

SOA sample, in which formic acid, acetic acid, acetaldehyde, and acetone are tracked by PTR-

ToF-MS as a function of time. The window was inserted into the flow cell, and the UV-LED was 

turned on once the measured OVOC levels reached a steady state. Without the SOA sample 

annealing process, in which the more volatile components of SOA evaporated before the 

experiment, the background OVOC levels were significantly higher, and it took a long time 

(many hours) to achieve the steady state. This is likely due to outgassing of these OVOCs, which 

is accelerated when the annealing process is performed. In this figure, the window was placed in 

the flow cell just before the 0 min mark, and the irradiation began around 20 min. The resulting 

OVOCs were then allowed to reach a steady state count, which happened around 115 min for 

this run. Then the UV-LED was turned off and the counts were monitored until a baseline steady 

state is reached again for the next sample to be analyzed. Note that it took considerably less time 

for the acetaldehyde and acetone to reach the steady state levels compared to the acids, and less 
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time to decay back to the background level. This is due to the acids’ sticky nature toward the 

walls of the flow cell and PTR-ToF-MS inlet line.  

 

Figure 2.3. A time profile of the PTR-ToF-MS run for the photoproduction of various VOCs 

from the ISO/O3 SOA system. The UV-LED was turned on at 20 min and turned off at 115 min 

in this example. 

 

A number of peaks increased in the mass spectra of irradiated SOA; the list of the 

nominal masses of the peaks that increased the most can be found in Table 2.3. We focused our 

attention on the formic acid, acetic acid, acetaldehyde, and acetone peaks because of their 

efficient photoproduction in all the samples (with the exception of GUA SOA) and because these 

peaks could be assigned with a relatively high degree of confidence. We note that these were 

also the major OVOCs observed in photodegradation of limonene ozonolysis SOA by CIMS.100 

The assignments for many other observed peaks in the PTR-ToF-MS spectra were more 
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ambiguous, especially at higher m/z values, as demonstrated, for example, in Table 2.4 for 

APIN/O3 SOA. Because of the fragmentation in PTR-ToF-MS, we cannot exclude the possibility 

that fragments from larger photoproducts contributed to the observed peaks of formic acid, acetic 

acid, acetaldehyde, and acetone; the amounts reported below could, therefore, be overestimated. 

Finally, we cannot exclude the possibility that multiple structural isomers could contribute to 

peaks at m/z 61.028 (acetic acid, glycolaldehyde or methyl formate) and m/z 59.049 (acetone, 

propanal or allyl alcohol).  

We investigated which peaks increased the most in the PTR-ToF-MS spectra during 

irradiation of a given SOA sample. This was performed by analyzing the time traces of the 

spectra, subtracting the baseline spectrum count, and analyzing the peaks that grew the most in 

intensity during irradiation. The 10 peaks that appeared to increase the most were examined to 

ensure they were indeed increasing in response to the UV radiation and not just drifting in 

intensity.  Table 2.3 lists all the SOA systems analyzed for this work and the top 10 increasing 

nominal m/z values below m/z 100. 
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Table 2.3. The top 10 increasing peaks (labeled by their nominal m/z values) during irradiation 

for each SOA system analyzed. The peaks are listed in descending order of the relative intensity 

change, with the peaks that increased the most appearing at the top.a  

APIN/

High 

NOx 

APIN/

Low 

NOx 

APIN/

O3 

ISO/

O3 

ISO/

High 

NOx 

ISO/

Low 

NOx 

TET/

High 

NOx 

TET/

Low 

NOx 

TMB/

High 

NOx 

TMB/

Low 

NOx 

59 59 59 47 47 47 45 45 47 47 

47 47 47 61 61 75 55 55 45 61 

45 45 61 43 45 61 59 59 61 45 

61 61 45 45 43 43 41 41 43 43 

43 43 43 75 73 45 69 69 59 75 

71 71 71 71 59 73 47 47 73 73 

75 57 73 59 75 59 73 73 87 89 

73 75 99 57 57 57 61 61 55 59 

57 99 41 73 71 71 57 87 89 87 

87 73 57 87 87 89 83 83 75 99 
 

aThe peaks corresponding to acetaldehyde (m/z 45, yellow), acetone (m/z 59, green), acetic acid 

(m/z 61, red), and formic acid (m/z 47, blue), which could be assigned with more certainty and 

for which the PTR-ToF-MS calibration was done, are color coded. 

 

The PTR-ToF-MS spectrum of OVOC emitted by the irradiated APIN/O3 SOA system 

was further analyzed to assign peaks to the top increasing nominal m/z values. This system was 

chosen because it was quite efficient at producing OVOCs under irradiation.  Table 2.4 lists the 

measured m/z values, the expected m/z values, the potential chemical formula assignments, and 

possible assignments of the OVOCs. Because of the inability of PTR-ToF-MS to distinguish 

structural isomers the assignments cannot be made with certainty, especially at higher m/z 

values. However, chemical considerations help limit the assignments for the first four peaks to 

acetone, formic acid, acetic acid, and acetaldehyde. 

 



37 
 

Table 2.4. The list of the high resolution m/z values for the PTR-ToF-MS peaks for the APIN/O3 

SOA system.  The peaks are listed are in descending order for the overall intensity increase 

during irradiation.  

 

2.4.2 Control Experiments 

 

Numerous controls were tested with these experiments. In order to verify that OVOCs 

were emitted in a photoinduced process and not as a result of evaporation from the SOA 

material, the window was heated to a higher temperature than what resulted from the exposure to 

the UV-LED radiation. The sample was irradiated at λ = 310 nm and separately at λ > 450 nm 

using a Xe-Arc lamp (Oriel PhotoMax 60100 housing and Oriel 6256 150 W lamp with a 

resulting output of ~1-6 mW) with the selected wavelength isolated with a monochromator 

Measured m/z Theoretical 

m/z of the ion 

Formula 

Assignment  

Examples of OVOC that could match 

this formula 

59.049 59.04914 C3H6OH+ Acetone, propanal, allyl alcohol 

47.013 47.01276 CH2O2H
+ Formic acid 

61.027 61.02841 C2H4O2H
+ Acetic acid, glycolaldehyde, methyl 

formate 

45.033 45.03349 C2H4OH+ Acetaldehyde 

43.018 43.01784 C2H2OH+ Ketene, ethynol, oxirene 

71.049 71.04914 C4H6OH+ Cyclobutanone, crotonaldehyde, methyl 

vinyl ketone, dihydrofuran, many other 

possibilities 

73.028 73.02841 C3H4O2H
+ Methylglyoxal, acrylic acid, oxetanone, 

malondialdehyde, many other 

possibilities 

99.080 99.08044 C6H10OH+ Cyclohexanone, 

cyclopentylformaldehyde,   

mesityl oxide, many other possibilities 

41.039 41.03858 C3H5
+ Propyne, allene, cyclopropene 

57.033 57.03349 C3H4OH+ Acrolein, cyclopropanone, methylketene, 

other possibilities 
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(Oriel Cornerstone 74000) to ensure that this process required near-UV radiation. Irradiation of a 

blank window (exposed to purge air in the MOUDI instead of the SOA) was performed to verify 

that no OVOCs came from contaminations in the MOUDI or the CaF2 windows. Finally, we 

utilized a slit impactor (Sioutas, stage “D”) for collection (as opposed to the MOUDI), and 

utilized an aerosol flow tube132 for generation of the SOA instead of the chamber to test the level 

of sensitivity in the measurements to the method of generation and collection of SOA. The 

heating, visible wavelength irradiation, and blank window irradiation experiments did not 

produce any detectable OVOC emissions. The slit impactor and flow tube produced results 

consistent with the MOUDI-collected samples from the chamber. We note that the slit impactor 

samples took much longer (on the scale of many hours) to reach a steady state for counts 

observed in the PTR-ToF-MS. This is likely due to the impaction pattern being a thick “strip” as 

opposed to the more evenly-dispersed material collected with the MOUDI. The thicker the SOA 

material is on the substrate, the longer it takes for the photoproduced OVOCs to diffuse out of 

the material.103 In our experiments with 10 m films of SOA material, the time scale for 

reaching the steady state was about 20 min (Figure 2.3). From Fick’s law of diffusion, we 

estimate that for submicron ambient particles, the phoproducts will be able to diffuse out of 

submicron particles on a time scale of seconds.  

 

2.4.3 Mass Correlations to Photoproduction of OVOCs 

 

The optical extinction of the SOA was measured by placing the annealed SOA material 

on CaF2 windows in a Shimadzu UV-2450 UV-Visible Spectrometer. It was found that the 

extinction was not correlated to counts observed in the PTR-ToF-MS. The measured extinction 

was likely dominated by the scattering from particles on the window, which did not contribute to 
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photochemistry. Furthermore, not all photons absorbed by SOA can lead to VOC production 

because of the chemical differences between different SOA types.  

Although the PTR-ToF-MS signal did not correlate with the extinction for a given SOA 

type, there was good correlation with the SOA mass collected on the window. Figure 2.4 shows 

such correlations for the production of acetone from high-NOx, low-NOx, and ozonolysis SOA 

produced from -pinene. Different slopes were observed for different SOA/OVOC 

combinations. For example, APIN/O3 had a higher slope for the photoproduction of acetone than 

APIN/Low NOx and APIN/High NOx, which is consistent with results from Romonosky et al.,43 

who studied photodegradation of different types of SOA in aqueous solutions and concluded that 

ozonolysis SOA are on average more photolabile than high- or low-NOx SOA. 

 

Figure 2.4. The PTR-ToF-MS counts observed versus the mass collected for the various -

pinene SOA systems for the production of acetone. Production of other OVOCs also correlated 

with the mass of SOA for all the SOA samples analyzed in this study. 
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2.4.4 Discussion of Mass-Normalized Data across SOA Types 

 

Because the signals observed in the PTR-ToF-MS were linearly proportional to the SOA 

mass across all four analyzed OVOCs and across all SOA systems (with the exception of GUA, 

for which the OVOC signal was too small to stablish such a correlation), we normalized the 

estimated mixing ratios of each OVOC photoproduct by the SOA mass. This normalization made 

it possible to compare the relative rates of OVOC production in photodegradation of different 

types of SOA. A plot of the resulting normalized mixing ratios is presented in Figure 2.5 for the 

four chosen OVOCs: acetaldehyde, formic acid, acetone, and acetic acid. Confidence intervals 

were calculated at the 95% level which factored in the uncertainty in the mass of the SOA 

collected on the windows and the PTR-ToF-MS mixing ratio uncertainty. Each CaF2 window 

was weighed in triplicate before and after collection of particles, and the PTR-ToF-MS 

uncertainty in mixing ratios employed the uncertainty in the baseline-subtracted signal and 

calibration factor uncertainty. 
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Figure 2.5. A bar plot showing the OVOC mixing ratios divided by the SOA mass collected for 

all SOA types. The error bars correspond to a 95% confidence interval range. The formic acid 

values are divided by 5 because its mixing ratios are much higher than for other OVOCs. 

 

All SOA (with the exception of GUA) produced measurable amounts of OVOC 

photoproducts in these experiments. The relative amount of acetone photoproduct appeared to be 

higher for all three types of APIN SOA and lower for ISO SOA. Acetone could be a product of 

Norrish type-II splitting of methyl-terminated ketones, R-C(O)-CH3, which are common among 

products of -pinene oxidation.93 Conversely, ISO SOA appeared to produce more acetic and 

formic acid than APIN SOA did, suggesting the secondary processes leading to these acids were 

more important in the ISO SOA systems. SOA from TET appeared to be less photoactive 

compared to SOA from APIN and ISO. SOA from saturated hydrocarbons tend to have a 

relatively low degree of oxidation,142 which could contribute to their low photoactivity. 
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SOA from aromatic precursors TMB and GUA also produced much less photoproducts 

than SOA from APIN and ISO. In fact, guaiacol SOA did not produce any measurable OVOCs 

under irradiation for either high- or low NOx SOA types. Wavelengths down to ~250 nm (from 

the previously-mentioned Xe-arc lamp and monochromator combination and output powers at ~2 

mW) were tested for GUA SOA photodegradation with no apparent OVOC production. This lack 

of OVOC production from GUA SOA and reduced OVOC production from TMB SOA is most 

likely due to the formation of ring-substituted products during photooxidation in the chamber.143 

When these resulting products are irradiated they either form a triplet state via intersystem 

crossing and then form further ring substituted products (which are not volatile), or they 

efficiently relax.9 Neither of these pathways provides OVOC production. Romonosky et al.43 

also noted that GUA and TMB SOA are more resistant to aqueous-phase photodegradation than 

other types of SOA. 

 

2.4.5 Atmospheric Implications 

 

The values in Figure 2.5 can be converted into the rate of mass loss from SOA material 

due to a given photoproduct. Under the steady state conditions of the experiment, the rate of 

production of a given molecule, Rate [molec s-1], can be related to the concentration of this 

molecule in the flow, C [molec cm-3], and the flow rate of the purge air, F = 9.17 cm3 s-1, as 

follows 

Rate F C            (2.1) 

Normalizing this rate by the mass of SOA, mSOA [g], and converting from concentration to 

volume mixing ratio, X [ppmv], and from molecules to the mass of the photoproduct, mproduct [g], 
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yields the following expression for the fraction of SOA mass lost per unit time due to a given 

volatile photoproduct 

131
2.46 10

product

SOA A SOA

dm MW X
F

m dt N m
           (2.2) 

where MW [g mol-1] is the molecular mass of the photoproduct, NA [molec mol-1] is Avogadro’s 

number, and the numeric factor (2.46·1013) accounts for the unit conversion from [ppmv] to 

[molec cm-3] at 1 atm and 25 C. The last term in this equation (X/mSOA) is precisely the quantity 

plotted in Figure 2.5, which has a median value of 13 ppmv/g for all detected OVOC 

compounds and examined SOA types (excluding GUA). Taking the average MW of a typical 

OVOC photoproduct (as analyzed for this study) as 50 g mol-1, the median X/mSOA translates 

into 

7 1 4 11
2.4 10 8.8 10

product

SOA

dm
s h

m dt

             (2.3) 

Based on this prediction, under the conditions of the experiment, the SOA sample would lose on 

average 0.1% of its mass after one hour of irradiation from the UV-LED lamp as a result of a 

loss of a single volatile photoproduct. Considering that the photodegradation likely produces 

multiple volatile products (multiple compounds appeared in the PTR-ToF-MS spectra of the 

irradiated SOA, and compounds undetectable by the PTR-ToF-MS are also possible), the rate of 

overall mass loss could be considerably higher. To estimate the rate of the relative mass loss 

from SOA under ambient conditions, we can correct it by the ratio of the 24-hour average 

integrated flux from the sun and from our UV-LED. 

320

290 24
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       (2.4) 
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The integration extends over the wavelength where the UV-LED emits the most photons (Figure 

2.6 compares the wavelength dependence of the UV-LED and the solar radiation). The 24-hour 

time averaging includes both the daytime, when most photochemistry takes place, and the 

nighttime, when the solar flux is minimal.  The solar flux was calculated at each hour using the 

Quick TUV calculation144 with the following parameters: Latitude/Longitude = N 34° W 118° 

(which corresponds to Los Angeles, California), Overhead Ozone = 300 du, Surface Albedo = 

0.1, Ground and Measured Altitude = 0 km, and “pseudo-spherical discrete ordinate 4 streams” 

calculation methods. The resulting Factor is 0.053 on June 20 (the summer solstice); the value is 

smaller for other times of the year. For example, the Factor is 0.033 on April 1 (which is 

representative of the average earth-sun distance throughout the year).  

 

 

Figure 2.6. A plot comparing the spectral flux densities of the UV-LED and that of the sun at a 

solar zenith angle of 0°. 
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The number of OVOCs and other volatile photoproducts emitted during SOA 

photodegradation and detected by the PTR-ToF-MS was conservatively estimated to be N ≥ 10 

by examining the behavior of the m/z < 100 peaks before and during photodegradation. For 

example, Table 2.3 contains information about the top ten peaks that increased substantially 

upon irradiation of each SOA sample. This is a lower limit for the number of photoproducts 

because some of the major expected photoproducts, such as methane and carbon monoxide,93 are 

not detectable by PTR-ToF-MS. If we scale the mass loss due to photoproduction of a single 

OVOC (equation 2.3) by the sun/LED factor (Factor = 0.053 for June 20 in Los Angeles, 

California) and an estimated lower limit for the number of photoproducts (N = 10), we arrive at 

the conservative mass loss of at least ~1.1 % after one day or 7.8% after one week. There are few 

measurements with which to compare this estimate, but our result is very close to the previous 

observations of Epstein et al.,73 who estimated that the mobility-equivalent diameter of APIN/O3 

aerosol decreased by 3% over a week of solar radiation (implying a 9% mass reduction over 

one week). Wong et al.95 found that the mass loss rate of APIN/O3 SOA was ~30% after only 

one hour of irradiation, which appears to be unrealistically high based on the present results. The 

high apparent mass loss in the Wong et al. experiments could be due to the loss of semivolatile 

compounds from the particles to the chamber walls or due to evaporative heating of particles by 

UV radiation. Despite the large spread in the existing experimental results, it is clear that the 

mass loss due to photodegradation could occur over atmospherically-relevant time scales for a 

range of SOA types. SOA particles spend days in the atmosphere before they are removed; the 

mass loss due to the photodegradation could be significant on this time scale. 

Finally, we discuss the possibility that the photochemical reactions in SOA could serve as 

a source of certain OVOCs. We will focus our discussion on formic acid, since it appears to be a 
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common photoproduct for many types of SOA.92-93, 100 Formic acid contributes measurably to the 

acidity of rain and fog, particularly in remote atmospheres.145 It is produced in the atmosphere 

from a variety of primary and secondary sources. Primary sources include automobile exhaust, 

tree emissions, and biomass burning.13 Secondary sources include ozonolysis of alkenes and 

photooxidation of monoterpenes. Models do not yet account for all sources of formic acid. The 

emissions of formic acid in the atmosphere are currently underpredicted by up to 90 Tg yr-1  (out 

of total yearly emissions of 120 Tg yr-1).146 Stavrakou et al.146 noted the lack of laboratory 

experiments utilizing monoterpenes and isoprene, two major SOA precursors, for production of 

formic acid. They also noted that the existing models still failed to predict the measured amount 

of formic acid in the atmosphere, and that a large unidentified secondary biogenic source of 

formic acid may exist. 

To predict the global average formic acid produced per year via the process described in 

this paper, we used Eq. (2.2) with MW set to the molecular mass of HCOOH (46 g/mol) and the 

last term equal to the median X/mSOA value of 106 ppmv/g for the formic values shown in Figure 

2.5. Accounting for the sun/LED factor of Eq. (2.4), with Factor = 0.033 for April 1 in Los 

Angeles, CA, this results in  

11
1.9HCOOH

SOA

dm
Factor yr

m dt

         (2.5) 

 

Hodzic et al.27 recently discussed an updated model that predicts the SOA burden in the 

atmosphere as mSOA = 0.95 Tg. The result shows that this process can produce ~1.8 Tg HCOOH 

yr-1, a large value, which is close to the annual formic acid production from primary sources.146 

The photoproduction of formic acid from SOA particles could therefore contribute to the formic 

acid budget and help account for part of the discrepancy cited by Stavrakou et al. We note that 
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because of the potential fragmentation of larger OVOCs into the m/z corresponding to formic 

acid, we could overestimate its production rate from SOA. On the other hand, limiting the 

integration range of equation (2.4) only to the wavelengths over which UV-LED is emitting 

(290-320 nm, Figure 2.6) could lead to an underestimation of the production rate. SOA is known 

to absorb strongly over the entire UV region of the electromagnetic spectrum and into the visible 

as well.74 Combined with the uncertainty in the PTR-ToF-MS calibration, the photoproduction 

rate quoted in this paper should be regarded as an order of magnitude estimate.  

 

2.5 Conclusions  
 

The results of this exploratory study show that photodegrdation of SOA can be efficieint 

and potentially lead to measureble mass loss from SOA particles and buildup of volatile products 

of SOA photodegrdation in the atmosphere. However, a number of questions have been left 

unaswered by this study: (a) What is the effect of RH on the rate of mass loss from SOA 

particles? Presence of water vapor makes the SOA matrix less viscous, and this could affect the 

photodegradation kinetics carried out at elevated RH.147-148 (b) What is the effect of degree of 

oxidation of SOA on the rate of VOC production? Molecules with a higher degree of oxidation 

tend to fragment more efficiently in radical driven processes,72 and the photodegradation 

mechanism could be similarly affected by the SOA degree of oxidation. (c) Do photosensitized 

processes play any role? In our experiments, various OVOCs were emitted by the SOA film 

upon irradiation. Experiments by Monge et al.111 and Aregahegn et al.149 observed an opposite 

process of uptake of VOCs by organic particles when an efficient photosensitizer was present on 

the surface. By design, our experiments could not probe the uptake resulting from such 

photosensitized reactions. (d) What is the role of primary vs. secondary photochemical reactions 
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in the SOA matrix? (e) How does the mechanism depend on the irradiation wavelength and 

power? While we did not have a chance to address these and many other questions in the present 

study, it will be important to do these experiments in the future to better understand the effect of 

these processes on SOA chemistry.  
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Chapter 3: Photodegradation of Secondary Organic Aerosol 

Material Quantified with a Quartz Crystal Microbalance 
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Nizkorodov, S. A. “Photodegradation of Secondary Organic Aerosol Material Quantified with a 

Quartz Crystal Microbalance.” Submitted to Environmental Science and Technology Letters, 

2017 
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3.1 Abstract 
 

We used a QCM to quantify the mass loss resulting from exposure of SOA particles 

deposited on the QCM crystal to 254, 305, and 365 nm radiation. The 305 and 365 nm 

experiments simulate tropospheric photodegradation of SOA, whereas the 254 nm irradiation is 

relevant for processes in the stratosphere and in OFRs. We coupled the QCM setup to a PTR-

ToF-MS to chemically resolve the photoproduced VOCs responsible for the mass loss. The 

photoproduced VOCs detected by PTR-ToF-MS accounted for ~50% of the mass loss rates 

measured with QCM. Weakly-absorbing SOA produced by ozonolysis of -pinene or d-

limonene exhibited a much larger mass loss rate in both the QCM and PTR-ToF-MS data 

compared to strongly-absorbing SOA produced by photooxidation of guaiacol. We predict that 

the fractional mass loss rate of -pinene ozonolysis SOA should be as high as ~1% per hour on 

the Summer solstice in Los Angeles in the lower troposphere, and ~4% per hour in the 

stratosphere. The mass loss rates for SOA particles crossing a typical 254 nm OFR are expected 

to be negligible because of the short residence time inside the reactor. 

 

3.2 Introduction 
 

Photodegradation of condensed-phase material in SOA has recently been shown to occur 

on atmospherically relevant time scales.15, 67, 73, 95, 138-139, 150 However, all the previous 

experimental observations of SOA photodegradation have been qualitative, and at best, they 

reported only rough estimates for the rate of SOA photodegradation. For example, in our 

previous study, we could only estimate a lower limit of >1% mass loss per day for the 

photodegradation rate of SOA particles produced from common VOCs.150 That study relied on a 

PTR-ToF-MS to observe small, OVOCs of SOA photodegradation, such as acetone, formic acid, 
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acetic acid and acetaldehyde, and likely missed volatile compounds that PTR-ToF-MS cannot 

detect such as saturated hydrocarbons, CO, and CO2.
133 

The contribution of condensed-phase photochemistry to aging of SOA particles in 

Oxidation Flow Reactors (OFRs) is also uncertain. OFRs are increasingly used to achieve an 

equivalent of days or even weeks of atmospheric processing in seconds by exposing SOA to very 

high mixing ratios of OH.151 OFRs rely on strong 254 nm or 185 nm radiation to produce high 

concentration of OH inside the reactor. This high concentration of radicals leads to 

functionalization followed by fragmentation of the molecules in particles.82 In parallel with this 

fragmentation, direct photolysis of the SOA compounds may be possible. The effect of 

photolysis has been extensively modelled but has not been systematically tested by 

experiments.152-153 

In this work, we are using a QCM to directly measure sub-microgram mass changes 

during photodegradation of SOA particles deposited on an inert substrate in real time. The 

powerful combination of QCM measurements with the PTR-ToF-MS analysis of the volatile 

OVOC photoproducts makes it possible to probe the chemical mechanisms for SOA undergoing 

photodegradation. QCM has a rich history of applications in atmospheric chemistry, for example, 

in studying SOA particle evaporation rates,154 extent of water absorption on aerosols,155-158 

oxidative aging of organics159, and photosensitized processes.111 Our measurements demonstrate 

the utility of QCM for aerosol photodegradation experiments, and make it possible to quantify 

photodegradation rates of SOA at different wavelengths, including the 254 nm radiation used in 

OFRs as well as 305 and 365 nm radiation relevant in the tropospheric photochemistry. We show 

that photodegradation readily occurs for α-pinene and d-limonene ozonolysis SOA. In contrast, 

guaiacol/high NOx SOA is found to be more photoresistant despite being more light-absorbing. 
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Our results support the conclusion that condensed-phase photochemistry can lead to measurable 

mass loss from SOA particles on time scale of hours, thus counteracting the aerosol particle 

growth from gas-to-particle partitioning. 

 

3.3 Experimental Section 
 

The SOA was generated by oxidation of select VOCs in either a smog chamber or aerosol 

flow tube. Three different types of SOA were investigated for this study: APIN/O3, LIM/O3, and 

GUA/NOx. The ozonolysis experiments were performed in a flow tube, and the high-NOx 

experiments were performed in a smog chamber with the same procedures and conditions as 

previously reported.43, 150 All SOA samples were prepared in at least triplicate. The SOA 

particles were collected using a MOUDI for 1-4 hours with custom adapters to accommodate the 

2.54 cm chrome/gold QCM crystals (Stanford Research Systems model O100RX1) as impaction 

substrates. The resulting SOA material collected on the QCM crystals was annealed as done 

previously, in order to remove the more volatile compounds and allow for the particles to merge 

in a continuous, although not uniform film.150 The masses collected ranged from 0.4 to 2.8 mg, 

as determined by weighing the crystal before and after the collection with a Sartorius ME5-F 

microbalance (1 μg precision). Most of the material was distributed fairly evenly around the 2.54 

cm crystal for each sample. 

We modified a commercial QCM (Stanford Research Systems model QCM 200) holder 

to include a sealed space above the QCM crystal with a CaF2 window on top. Details are shown 

in Figure 3.1. A flow of zero air (at 150 sccm) was sent through the space between the QCM 

crystal and the CaF2 window, and a fraction of the outgoing air that was then fed into a PTR-
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ToF-MS instrument (Ionicon model 8000) at 100 sccm. The PTR-ToF-MS was calibrated in the 

same manner as previously done.150  

 
Figure 3.1. Incoming zero air at a flow of 150 sccm flows over the QCM crystal, and the 

OVOCs emitted as a result of irradiation are detected by the PTR-ToF-MS. The modified sample 

holder screws into the existing crystal holder, creating a sealed environment. Above the sealed 

mixing space (volume = 6.6 cm3) is a 2.54 cm CaF2 window compressed with o-rings to allow 

the UV light to irradiate the SOA particles on the QCM crystal. 

 

Exposure to UV radiation reduced the mass of the SOA material remaining on the QCM 

crystal and increased its oscillation frequency. In order to convert the observed change in QCM 

frequency into SOA mass, a modified version of the Sauerbrey equation was used:135 

1

f

dm df

dt C dt
            (3.1) 

where df/dt is the rate of the frequency change during irradiation (in Hz/hr), Cf is the sensitivity 

factor (in Hz/μg), and dm/dt is the mass change rate (in μg/hr). Because the collected particles 

did not form a completely uniform thin film (for which the Sauerbrey equation was developed) 

Cf had to be determined from calibration experiments. This was done by measuring the 
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frequency for the clean crystal, collecting SOA on this crystal, determining the mass of SOA 

(m) collected with the Sartorius microbalance, and noting the frequency change (f) 

experienced by the QCM. The sensitivity factor was then calculated from Eq. (3.2) (the 

integrated form of Eq. (3.1)).  

f
f

C
m


 


          (3.2) 

Typical sensitivity factors for these experiments ranged between 5 and 14 Hz/μg, with the 

theoretical sensitivity factor being 11.2 Hz/μg, thus signifying good agreement with the 

experimental factor. More details are provided below. The sensitivity factors were approximately 

independent of the QCM mass loading and the type of SOA at higher mass loading (> 1 mg on 

the crystal) but started to deviate from the theoretical sensitivity factor at lower mass loading 

(Figure 3.2), presumably because there were not enough particles to form a continuous film on 

the surface. 

In the commonly used form of the Sauerbrey equation, the sensitivity factor CS has the 

units of Hz cm2 g-1 and is calculated as follows:  

*
S

f area
C

m


 

           (3.3) 

 

where Δf is the frequency change resulting from uniformly distributing mass Δm over the QCM 

active area. For a rigid thin film of the same density as quartz, the theoretical sensitivity factor 

should be CS = 56.6 Hz cm2 μg-1. We calculated the sensitivity factors for SOA films from the 

calibrated Cf values (defined in Equations 3.1 and listed in Table 3.1) assuming that the collected 

mass of SOA particles is uniformly distributed over the QCM substrate area of 5 cm2 (confirmed 

by visual inspection). Figure 3.2 plots the sensitivity factor CS versus the mass loading. The 
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calculated CS value for SOA films is of the same order of magnitude as the theoretical value. The 

values appear to be systematically higher for APIN/O3 SOA and increase with mass loading for 

GUA/NOx SOA. 

 

Figure 3.2. The sensitivity factor CS for each SOA type is compared with the theoretical value of 

56.6 Hz cm2 μg-1 (dashed horizontal line).  The factors are not very dependent on the mass 

loading until they are less than 1 mg. 

 

The SOA material was irradiated directly on the QCM crystal with a suitable UV lamp. 

The lamps included a LED centered at 305 nm (Thorlabs, Inc. model M300L4), another LED 

centered at 365 nm (Thorlabs, Inc. model M365LP1) and a mercury pen ray lamp centered at 254 

nm (Spectronics Corporation model Spectroline 11SC-1). The wavelength dependence of the 

spectra of the lamps is shown in Figure 3.3. The incident power of each lamp was measured with 

a Coherent PS19Q power meter in the same geometry that was experienced by the QCM crystal. 

The resulting powers were 3.7 mW, 2.5 mW, and 13.8 mW for the 254, 305, and 365 nm lamps, 
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respectively. With the 1 cm2 area of the power meter, this corresponds to the spectral flux of 

radiation of 4.7·1015, 3.8·1015 and 2.5·1015 photons cm-2 s-1, respectively. The 254 nm lamp has 

several emission lines from 250-380 nm (Figure 3.3), and the spectral flux of radiation due to the 

254 nm emission line was 2.5x1015 photons cm-2 s-1
. We previously showed that power meter 

measurements agree reasonably well with actinometry experiments (not presented here).150, 160 

The 245 nm spectral flux used in these experiments is comparable to that inside of a typical 

OFR. For example, Li et al. noted that the spectral flux of radiation in their OFR was 2.0·1013
 

and 2.5·1015
 photons cm-2 s-1 for the 185 nm and 254 nm lamps, respectively.161 We also 

compared the spectral flux densities of the lamps used in this work to that of the sun144 at two 

different atmospheric altitudes (0 and 40 km). We utilized the following parameters for the TUV 

calculation:144 

• Latitude/Longitude: 34°/-118° 

• Date and Time: June 21, 2017, 19:00:00 GMT, representative of the summer solstice 

maximum flux in Los Angeles, CA 

• Overhead Ozone: 300 du 

• Surface Albedo: 0.1 

• Ground Altitude: 0 km 

• Measured Altitude: 0 km or 40 km 

• Clouds Optical Depth/Base/Top: 0.00/4.00/5.00 

• Aerosols Optical Depth/S-S Albedo/Alpha: 0.235/0.990/1.000 

• Sunlight Direct Beam/Diffuse Down/Diffuse Up: 1.0/1.0/0.0 

• 4 streams transfer model. 



57 
 

Figure 3.3 shows a comparison of the spectral flux densities for the sun and the lamps. Each flux 

density is integrated over this wavelength range, and the resulting fluxes are compared in the 

main text. 

 

Figure 3.3. The spectral flux densities over the range of the electromagnetic spectrum of the 

pen-ray lamp (in green), 305 nm LED (in gray), and 365 nm LED (in orange), and the sun at 

both 40 km and 0 km (in red and blue, respectively) on the summer solstice in Los Angeles, 

California. The left axis corresponds to the lamps, and the right axis (logarithmic scale) 

represents the sun’s spectral flux density. 

 

The QCM crystals’ masses were measured with the ME5-F microbalance before and after 

collection of the SOA, but due to the design of the QCM sample holder and its o-rings, it was not 

possible to accurately determine the mass loss during and after irradiation by weighing. We 

relied on Eq. (3.1) instead to calculate the mass loss from the measured QCM frequency. The 

QCM measurements were acquired simultaneously with the PTR-ToF-MS measurements. The 

PTR-ToF-MS data were analyzed based on a modified version of Eq. (2.2) from Chapter 2 to 
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determine the mass loss rate based on the four quantified photoproduced OVOCs (acetone, acetic 

acid, acetaldehyde, and formic acid).150 

 

3.4 Results and Discussion 
 

3.4.1 Observations of Photodegradation 

 

 Figure 3.4 shows results of a typical experiment in which the QCM frequency and 

selected OVOCs in the PTR-ToF-MS are observed during 254 nm irradiation of LIM/O3 SOA. 

When the lamp is turned on, the QCM frequency starts to increase because the SOA material is 

losing mass from evaporation of the OVOC photoproducts. The rate of the mass loss from Eq. 

(3.1) is plotted in Figure 3.4c. The mass loss rate increases to a relatively constant value for ~15 

minutes and then slowly decreases, replicating the measured trace of the major OVOC 

photoproduct, formic acid. When the lamp is turned off, the mass loss does not stop 

instantaneously because it takes some time the OVOC photoproducts to diffuse out of the SOA 

material and escape in the gas phase. 

In most experiments, the QCM frequency was observed to increase at a small constant 

rate even without radiation due to slow evaporation of SOA material. To better visualize the 

extent of radiation-driven mass loss, the data shown in Figure 3.4 was baseline-corrected by 

subtracting the change attributable to evaporation (measured before the lamp was turned on): 

   corrected

dark

df
f t f t t

dt

 
   

 
       (3.4) 

For the 254 nm and 305 nm experiments, the rate of change in the frequency due to the SOA 

evaporation was much smaller than that due to photolysis. The effect of photolysis became much 

smaller in 365 nm experiments and would be difficult to ascertain without the baseline correction 

of Eq. (3.4). 
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Figure 3.4. (a) Photoproduction of OVOCs observed during 254 nm irradiation of LIM/O3 SOA. 

The lamp is turned on at ~10 min and turned off at ~85 min for this sample. (b) The baseline-

corrected QCM frequency increases during irradiation because of the SOA material is losing 

mass. (c) The QCM frequency’s mass loss rate, which was determined by taking the derivative 

of the frequency change with respect to time and then divided by Cf (Eq. 3.1), is also plotted. 
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The increase in the QCM frequency was accompanied by the photoproduction of a 

variety of OVOCs. The selected OVOCs plotted in Figure 3.4 include formic acid, acetic acid, 

acetaldehyde, and acetone – the same OVOCs that were shown to be produced during 

photodegradation in our previous studies.150, 160  

These observed changes in the PTR-ToF-MS traces and QCM frequency occurred readily 

for both the 254 nm and 305 nm radiation; however, the baseline-subtracted 365 nm data, despite 

the larger photon flux, showed very small mass losses from both the PTR-ToF-MS and the 

QCM. This is consistent with photolysis yields and absorption cross sections of most molecules 

decreasing rapidly at longer wavelengths.4, 13 

 

3.4.2 Comparing the PTR-ToF-MS and QCM Data 

 

The PTR-ToF-MS data were analyzed as described previously to calculate the mass loss 

rate attributable to OVOCs.150 Briefly, the mass loss for each of the major four detected 

photoproducts (acetone, acetaldehyde, acetic acid, and formic acid) was calculated during the 

initial part of the photodegradation (e.g. ~20-30 min for the sample in Figure 3.4) using Eq. (2.2) 

from Chapter 2. and added together to calculate the total mass loss due to these photoproducts.150 

All data are presented in Table 3.1 As noted earlier, the mass loss is likely underpredicted by the 

PTR-ToF-MS because it is blind to compounds such as methane and carbon monoxide, which 

are known to be produced in photodegradation of SOA.93 Figure 3.5 plots the estimated PTR-

ToF-MS data versus the actual QCM mass loss rate. Despite the limitations of the PTR-ToF-MS 

approach, the data are reasonably correlated. Furthermore, these four OVOCs estimate accounts 

for ~50% of the mass lost (based on the slope of Figure 3.5a).  
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Table 3.1. All the SOA samples examined in this study. Colum 3 contains the integrated photon 

fluxes for each sample. The 254 nm data’s integrated flux only contains the emission line at 254 

nm (other lines assumed to contribute little to photochemistry). Column 4 contains the mass 

collected on the QCM crystal after the annealing step mentioned in the main text. The masses 

were taken in triplicate and averaged. Cf was calculated as per the main text (the product of the 

mass collected and Cf is equal to the change in QCM frequency between the loaded crystal and 

clean crystal). The mass loss rates for this study were taken during the initial part of the 

photodegradation, where the frequency change was linear. The PTR Mass Loss Rate was 

determined by summing up each of the 4 OVOCs’ mass loss rates as discussed in the main text. 

 

Sample λ 

(nm) 

Integrated 

Flux 

(Photons/cm2 

s) 

Mass 

Collected 

After 

Anneal 

(μg) 

Cf 

(Hz/μg) 

Time 

Lamp 

On (hr) 

QCM 

Mass 

Loss 

Rate 

(μg/hr) 

PTR Mass 

Loss Rate 

(g/hr) 

APIN/O3 254 2.5x1015 1090 12.60 2.0 168.9 93.1 

APIN/O3 254 2.5x1015 1037 12.74 2.0 148.9 79.5 

APIN/O3 254 2.5x1015 1897 14.45 65.3 231.5 103.4 

APIN/O3 305 3.8x1015 964 13.26 1.8 10.9 7.0 

APIN/O3 305 3.8x1015 1067 12.74 1.7 35.4 16.2 

APIN/O3 305 3.8x1015 1310 13.44 1.1 40.6 22.3 

APIN/O3 365 2.5x1015 1252 12.81 0.9 1.0 1.1 

APIN/O3 365 2.5x1015 823 13.12 0.8 1.5 0.9 

APIN/O3 365 2.5x1015 862 13.46 0.7 -0.1 0.9 

GUA/NOx 254 2.5x1015 971 7.73 1.8 23.2 2.2 

GUA/NOx 254 2.5x1015 2013 11.49 1.0 25.5 2.5 

GUA/NOx 254 2.5x1015 266 5.96 26.0 18.8 1.9 

GUA/NOx 305 3.8x1015 529 7.35 17.3 3.6 0.6 

GUA/NOx 305 3.8x1015 1929 11.84 20.7 3.7 0.5 

GUA/NOx 305 3.8x1015 398 5.62 66.3 1.5 0.4 

LIM/O3 254 2.5x1015 1365 11.53 1.2 165.3 70.7 

LIM/O3 254 2.5x1015 1021 11.47 1.0 168.2 81.6 

LIM/O3 254 2.5x1015 1667 11.72 1.6 148.5 73.2 

LIM/O3 254 2.5x1015 1667 11.72 18.8 43.1 29.1 

LIM/O3 305 3.8x1015 1546 1.69 0.8 56.1 24.1 

LIM/O3 305 3.8x1015 1633 11.70 1.6 58.5 21.3 

LIM/O3 305 3.8x1015 1616 11.73 1.4 62.7 19.7 

LIM/O3 365 2.5x1015 2787 12.99 4.7 5.1 3.3 

LIM/O3 365 2.5x1015 1802 10.65 1.6 -2.9 0.2 

LIM/O3 365 2.5x1015 2598 13.89 1.4 -0.5 0.2 

LIM/O3 365 2.5x1015 2057 11.26 1.0 2.2 0.2 
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Figure 3.5. (a) The QCM- and PTR-ToF-MS mass loss rates are roughly linearly proportional to 

one another for all SOA types in this study with the slope being ~0.5. (b) The log-log plot of the 

same data to zoom in on smaller values. 
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This study confirmed that the mass loss rates are not correlated to the SOA absorption 

coefficients. For example, even though the guaiacol samples are the most absorbing74 (the SOA 

samples are colored deep brown) they tend to have the lowest mass loss rate. The amount of 

OVOCs detected by PTR-ToF-MS is close to the detection limit, and only a small mass loss rate 

is measured with the QCM. The resilience of guaiacol SOA to photodegradation suggests that its 

compounds must efficiently dispose of the electronic excitation energy. Many of these 

guaiacol/high NOx SOA products include derivatives of aromatic species such as nitrophenols, 4-

nitroguaiacol, 6-nitroguaiacol, or 4,6-dinotroguaiacol, which have been detected in the 

condensed phase of the SOA particles.143, 162-163 The reported photolysis quantum yields of 

nitrophenols can be high in the gas and aqueous phase (up to 0.3 for 2-nitrophenol).164-165 

However, the yields drop by up to a factor of 104 in viscous matrices.165 The photoexcitation of 

nitrophenol clusters was shown to result in fast internal conversion mediated by intramolecular 

hydrogen bonding.166 These studies suggest that GUA/NOx SOA compounds may channel most 

of the excitation energy into heat by internal conversion. 

 

3.4.3 Control Experiments 

 

Several controls were run for this study. The QCM was briefly heated for several minutes 

with a heat gun to an elevated temperature of 25 °C with the SOA material on it (baseline 

temperature of 20 °C and maximum UV-LED irradiation temperature of 22 °C), and after an 

initial drop in QCM frequency, the frequency returned to the initial value, suggesting minimal 

loss in in the SOA mass due to the heat pulse. A heat control was also run on an empty QCM 

crystal with similar results. Empty windows were also irradiated with the lamps, and the QCM 

frequency increased by fewer than 10 Hz to a steady state during irradiation. After the lamp was 
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shut off, the QCM frequency returned to the same baseline. Finally, a QCM crystal was coated 

with paraffin wax (assumed to be photostable) and thereafter irradiated. As expected, this sample 

showed no changes in QCM frequency, suggesting no mass loss of the substrate. 

 

3.4.4 Oxidation Flow Reactor Implications  

 

These measurements have several important implications. We can confirm that the 

particle mass loss driven by condensed-phase photochemistry is not a serious concern for most 

OFRs. It is well known that heterogeneous oxidation in OFRs can significantly reduce the size 

and mass concentration of organic aerosol particles by fragmentation reactions.82, 167 However, 

within a 5 min residence time in an OFR reactor less than 1% of particle mass would be lost to 

the photodegradation processes investigated in this work. It is conceivable that a small fraction 

of the most photolabile molecules could still undergo photolysis or photoisomerization on this 

time scale, but these minority compounds would not strongly affect the overall particle mass 

concentration. 

 

3.4.5 Atmospheric Implications 

 

The mass loss rates discussed in this work could be significant in the atmosphere. The 

measured fractional mass loss rate (FMLR) was in excess of 10% per hour for the 254 nm 

irradiation and up to 4% per hour for the 305 nm irradiation (Table 3.1). To estimate FMLR 

under atmospheric conditions, we assumed that it is proportional to the convolution of the 

spectral flux of radiation, F(), and photodegradation efficiency, E().  

1
( ) ( )

dm
FMLR F E d

m dt
             (3.5) 
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The right hand side of Eq. (3.5) is the convolution of the spectral flux of radiation, F(), and 

the efficiency of photodegradation, E(). The latter is a combination of the effective quantum 

yield and absorption cross section for the SOA compounds as well as unit conversion constants. 

Because the lamps in this study have narrow bandwidths, we can determine the efficiency for 

each of the three irradiation wavelengths by rearranging Eq. (3.5): 

 
( )

( )

measured

lamp

FMLR
E

F d




 


           (3.6) 

The plots of the efficiency versus wavelength are presented in Figure 3.6 for APIN/O3 and 

LIM/O3 SOA (the mass loss rates for GUA/NOX SOA samples were too small and could not be 

measured reliably at all wavelengths). Because the absorption cross section of many molecules 

decay exponentially in wavelength in this wavelength range,4, 13 the efficiency was fitted to an 

empirical exponential function of wavelength as shown in Figure 3.6. The resulting function was 

inserted into Eq. (3.6) to predict the fractional mass loss rate in the atmosphere 

( ) ( )atmosphere sunFMLR F E d            (3.7) 

The solar photon fluxes used in the estimate correspond to the Summer solstice in Los 

Angeles at 0 km and 40 km above sea level (representative of the lower troposphere and upper 

stratosphere, respectively) derived from the quick TUV calculator.144  
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Figure 3.6. The efficiency factor is plotted for the (a) APIN/O3 and (b) LIM/O3 data. Each curve 

is fit to an exponential decay (solid line).  
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With this approach, the FMLR values during the summer solstice in Los Angeles were 

found to be 3.810-6 s-1 for APIN/O3 SOA at 0 km, 1.1x10-5 s-1 for APIN/O3 SOA at 40 km, 

6.210-6 s-1 for LIM/O3 SOA at 0 km, and 1.610-5 s-1 for LIM/O3 at 40 km. These rates would 

imply up to a 1% mass lost in one hour in the troposphere and a 4% mass lost in one hour in the 

stratosphere for the APIN/O3 SOA. This may not seem like much, but 1% per hour translates into 

40% mass loss after 50 hours of peak exposure, suggesting that particles can lose a large fraction 

of their mass after several days in the atmosphere. This finding supports a modeling conjecture 

by Hodzic et al.,91 which predicted that SOA mass would decrease by 40-60% after 10 days of 

atmospheric aging if photolysis processes in particles are included in the model. 

Third, these photodegradation processes are predicted to efficiently deplete organic 

particles from the stratosphere. SOA particles can be transported to the stratosphere through deep 

convective transport,168 and the photochemistry associated with the 254 nm radiation in this study 

could then contribute to their aging. The aerosol particle viscosity would increase in these cool, 

dry areas of the atmosphere,169 thus slowing down diffusion in the particle and limiting the aging 

by heterogeneous reactions with OH to the particle surface. However, the photolysis driven aging 

could still occur throughout the particle volume because UV radiation can penetrate deep inside 

the particle. It is remarkable that there does not appear to be a limit on the amount of SOA particle 

material that can be removed by photodegradation. For selected experiments, the APIN/O3 

particles were subjected to many days of continuous 254 nm irradiation. Nearly 100% of the mass 

was lost during this time for the APIN/O3 sample (Figure 3.7); the QCM crystal had almost no 

visible traces of the organic film after the irradiation. Figure 3.7 contains QCM data from a very 

long exposure of the substrate to continuous radiation. The APIN/O3 data were irradiated with 254 

nm light starting right before the 2 hr mark and was left on until right before the end of this plot. 
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Figure 3.7. The present of mass lost for the APIN/O3 SOA during long 254 nm irradiation. 

Nearly all the APIN/O3 SOA sample mass was lost during this long irradiation period.  

 

The UV photodegradation is thus likely responsible for the low fraction of particulate 

organics above the tropopause, with only the most photostable organics surviving in this 

environment.170  
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Chapter 4: Feasibility of Photosensitized Reactions with Secondary 

Organic Aerosol Particles in the Presence of Volatile Organic 

Compounds 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Portions of this chapter are reproduced with permission from Malecha, K. T.; Nizkorodov, S. A. 

“Feasibility of Photosensitized Reactions with Secondary Organic Aerosol Particles in the 

Presence of Volatile Organic Compounds.” Journal of Physical Chemistry A 2017, 121, 4961-

4967; DOI: 10.1021/acs.jpca.7b04066. 

Copyright 2017 by the American Chemical Society. 

  



70 
 

4.1 Abstract 
 

The ability of a complex mixture of organic compounds found in SOA to act as a 

photosensitizer in the oxidation of VOCs was investigated. Different types of SOA were 

produced in a smog chamber by oxidation of various biogenic and anthropogenic VOCs. The 

SOA particles were collected from the chamber onto an inert substrate, and the resulting material 

was exposed to 365 nm radiation in an air flow containing ~200 ppbv of limonene vapor. The 

mixing ratio of limonene and other VOCs in the flow was observed with PTR-ToF-MS. The 

photosensitized uptake of limonene was observed for several SOA materials, with a lower limit 

for the reactive uptake coefficient on the scale of 10-5. The lower limit for the uptake coefficient 

under conditions of Los Angeles, California on the summer solstice at noon was estimated to be 

on the order of 10-6. Photoproduction of OVOCs resulting from photodegradation of the SOA 

material also occurred in parallel with the photosensitized uptake of limonene. The estimated 

photosensitized limonene uptake rates by atmospheric SOA particles and vegetation surfaces 

appear to be too small to compete with the atmospheric oxidation of limonene by the hydroxyl 

radical or ozone. However, these processes could play a role in the leaf boundary layer where 

concentrations of oxidants are depleted, and concentrations of VOCs are enhanced relative to the 

free atmosphere. 
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4.2 Introduction 
 

Atmospheric SOA is produced when atmospheric oxidants react with biogenic or 

anthropogenic VOCs.16 These reactions lead to successively lower volatility organics, which 

eventually partition into particles.16 Further aging of the SOA particles can involve a variety of 

chemical and physical changes. For example, UV-induced photodegradation can reduce the 

average size and volatility of SOA compounds and serve as a source of small oxygenated VOCs, 

such as formic acid.67, 73, 95, 129, 139, 150 Alternatively, certain photochemical processes occurring at 

surfaces of aerosol particles and other environmental interfaces can also increase the average size 

and complexity of particulate organics.171 

Recent work has suggested an additional pathway to SOA particle growth through a 

photosensitized process in which VOCs are reactively taken up into particles in the presence of 

solar radiation and suitable photosenitizers.111, 149, 172-176 Monge et al.111 observed a size and mass 

increase of aerosol particles loaded with photosensitizers in the presence of limonene or isoprene 

and near-UV radiation. Aregahegn et al.149 observed a diameter growth of ammonium 

sulfate/glyoxal particles in the presence of various VOCs, and they attributed this growth to 

photosensitization processes involving imidazole-2-carboxyaldehyde (IC).177 In a follow-up 

study by Rossignol et al.,174 the authors proposed a mechanism for the photosensitized oxidation 

of limonene on IC-containing particles, and they detected highly oxidized products of limonene 

with high-resolution mass spectrometry. Photosensitized oxidation of isoprene by IC was also 

observed in aqueous solution.175 All the previous studies involved various atmospheric aerosol 

proxies, such as IC-containing mixtures, and to the best of our knowledge, there is no published 

work on photosensitization by SOA. 
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The main goal of the experiments reported in this chapter is to verify whether similar 

photosensitized processes can occur in more atmospherically-relevant systems, such as SOA 

produced by photooxidation of common biogenic and anthropogenic VOCs. With this project, 

the following questions are posed: (1) Does laboratory-generated SOA material have 

photosensitization properties? (2) What types of SOA materials show these properties? (3) Can 

the photosensitized uptake of VOCs into SOA particles and onto environmental surfaces under 

typical atmospheric conditions compete with oxidation of VOCs by gas-phase processes? To 

answer these questions, laboratory-generated SOA was collected on an inert substrate, and then it 

was irradiated in the presence of limonene vapor. We find that photosensitized uptake of 

limonene is possible on a broad range of SOA types; however, the estimated rate of 

photosensitized uptake under typical atmospheric conditions is considerably lower than the rates 

of gas-phase oxidation of limonene by OH and/or ozone.  Photosensitized SOA+VOC processes 

on the vegetation could still play a role, especially in the immediate vicinity of leaves.  

 

4.3 Experimental Section  
 

Figure 4.1 shows an overview of the experimental approach. The SOA was generated in a 

~5 m3 Teflon chamber in the absence of seed particles. The SOA formation was monitored with 

an SMPS, an NOy monitor (Thermo Scientific model 42i-Y), an ozone monitor (Thermo 

Scientific model 49i), and, for select experiments, a PTR-ToF-MS. 
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Figure 4.1. An overview of the SOA photosensitization experiments. (a) The SOA is prepared in 

the chamber, collected on an inert substrate, and annealed to remove volatile SOA components. 

(b) The sample is irradiated with a UV-LED directly on the substrate in a photolysis flow cell. A 

collapsible Teflon bag provides either purge air or air containing a known mixing ratio of 

limonene. The limonene and photoproduced OVOCs are monitored with the PTR-ToF-MS with 

an inlet flow of 0.2 SLM. 

 

Table 4.1 lists the experimental conditions for the SOA generation. Relatively high 

mixing ratios of VOCs and oxidants were used in order to collect sufficient amounts of material 

for analysis. Hydrogen peroxide (H2O2) served as the OH precursor in low- and high NOx 

photooxidation experiments. H2O2 was added to the chamber by evaporating a measured volume 

of 30 wt % H2O2 aqueous solution in a cleaned glass trap with a stream of purge air. For high-
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NOx experiments, NO was added from a premixed gas cylinder to achieve a mixing ratio of 

~900 ppbv. The VOC was added by evaporating a measured volume of pure VOC liquid or, in 

the case of naphthalene, a solution of 0.5 g mL-1 naphthalene in dichloromethane. The reagents’ 

purity levels are listed in Table 4.2. The injected gases were mixed with a fan for several 

minutes, and the fan was turned off before turning on the UV lamps to minimize wall loss of 

particles. Forty-two UV-B lamps (centered at 310 nm; Solar Tec Systems model FS40T12/UVB) 

surrounding the chamber were turned on, and the aerosol formed for 1.5-4 h until the particle 

mass concentration reached a maximum as detected by the SMPS.  
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Table 4.1. Summary of the SOA Samples Prepared for This Work.a 

precursor oxidant(s) no. of repeat 

chamber 

runs 

precursor 

(ppmv) 

H2O2 

(ppmv) 

NO 

(ppmv) 

reaction 

time (h) 

collection 

time (h) 

NAP OH, low 

NOx 

3 0.9 4 0 3.5 4 

NAP OH, high 

NOx 

3 0.9 4 0.9 3 4 

LIM OH, low 

NOx 

2 1 5 0 3.5 4.5 

LIM OH, high 

NOx 

2 1 5 0.9 1.5 3.5 

ISO OH, low 

NOx 

2 3 18 0 4 3.5 

ISO OH, high 

NOx 

2 3 18 0.9 3 3.5 

GUA OH, low 

NOx 

2 0.5 2 0 4 3 

GUA OH, high 

NOx 

2 0.5 2 0.9 3.5 3 

aColumns 4-6 correspond to approximate starting mixing ratios of precursors and oxidant(s). 
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Table 4.2 The reagents used for this study, their CAS registry numbers, their source, and their 

stated purity. 

Reagent Name CAS Registry 

Number 

Manufacturer Stated Purity 

Hydrogen Peroxide 

Solution (30 wt%, 

water balance) 

7722-84-1 Fisher  

5086 ppm Nitric 

Oxide in Nitrogen 

 Praxair  

Naphthalene 91-20-3 Fisher 98% 

Dichloromethane 75-09-2 Fisher 99.9% 

d-limonene ((4R)-1-

Methyl-4-(1-

methylethenyl)-

cyclohexene 

5989-27-5 Sigma Aldrich 97% 

Isoprene (2-

Methybuta-1,3-

diene) 

78-79-5 Sigma Aldrich 99% 

Guaiacol (2-

methoxyphenol) 

90-05-1 Spectrum 99% 

 

 

The SOA particles were collected with a MOUDI, which was modified to accommodate 

uncoated CaF2 windows (Edmund Optics 25 mm diameter, 3 mm thickness) as substrates. 

Hundreds of micrograms of SOA material per window were collected, with stage 7 (0.32-0.56 

μm particle size range) typically collecting the most mass. Stages 6 (0.56 -1.0 m) and 8 (0.18-

0.32 m) also usually collected sufficient amounts of material for experiments. The experimental 

results were found to be independent of the MOUDI collection stage, making it possible to use 

any of the MOUDI stages with sufficient mass of SOA on them. The windows were annealed 

overnight in a laboratory oven at 40 °C with ~10 lpm of purge air flowing over the windows to 

drive off the more volatile species. Typical mass losses were a couple of percent of the total 

collected mass on a window, as confirmed by a Sartorius ME5-F microbalance (1 μg precision). 

If the annealing process was not performed, the OVOCs evaporating from the sample would 
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provide too much background for the photosensitization experiments with the PTR-ToF-MS, 

which are described next.  

A reference system containing a mixture of benzophenone (BP, a well-known 

photosensitizer)107 and succinic acid (SA, with no known photosensitization properties) was 

prepared by casting a solution containing known amounts of these compounds in a 1:1 (v/v) 

methanol:acetone mixture onto a CaF2 window, drying it and annealing it in the same way as 

was done for the SOA samples. 

An annealed SOA or reference BP/SA sample window was placed into a custom-built 

glass flow cell with a connection to a ~100 L Teflon bag that was filled with either purge air or a 

specified mixing ratio of limonene (typically ~200 ppbv) for control- and photosensitization 

experiments, respectively. The flow cell (Figure 4.2) represented a 15 mm i.d. tube, with a 30 

mm long 15 mm I.D. side arm, which was terminated with a #15 O-ring joint for connecting a 

CaF2 window loaded with SOA or BP/SA. A sampling flow from the PTR-ToF-MS instrument 

was used to withdraw air from the bag and over the sample at 0.2 SLM.  

 

Figure 4.2. Schematic diagram of the flow cell. 
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A UV-LED and LED driver (Thorlabs, Inc. models M365LP1 and LEDD1B, 

respectively) with a wavelength centered at ~365 nm, a full width at half-maximum of ~10 nm, 

and a maximum power of ~480 mW at 1.2 A current (measured with a Coherent Powermax 

PS19Q power sensor) was used to irradiate the material on the CaF2 window. The spectral flux 

density experienced by the SOA sample was also verified using actinometry as described by 

Bunce et al.140 The actinometry and direct power measurements agreed with each other to within 

a factor of 3 (power sensor:actinometry). This level of agreement is still sufficient for the 

qualitative conclusions reached in this paper. 

The limonene signal and the OVOCs resulting from the SOA material photodegradation 

were detected with the PTR-ToF-MS (drift tube voltage of 600 V, field strength of ~135 Td, drift 

temperature of 60 °C, inlet flow of 0.2 SLM, and resolving power of m/Δm ~ 5 x 103). The 

OVOC and limonene mixing ratios flowing over the sample and resulting from the irradiation 

were estimated using the built-in calculations of the PTR-ToF-MS Viewer software from Ionicon 

Analytik (v.3.2.4.0), transmission curves created from a calibrated “TO-14” aromatics mix 

(Linde), and rate constants between the hydronium ion and the OVOCs/limonene from Zhao and 

Zhang.141 The PTR-ToF-MS was calibrated for four VOCs analyzed for this study (acetaldehyde, 

acetone, acetic acid, and limonene) by evaporating a known amount of a given VOC into the 

cleaned 5 m3 chamber and monitoring the [M+1] peak, corresponding to the protonated VOC. 

The VOC was added to the chamber in small increments, and the corresponding PTR-ToF-MS 

signal was measured after each successive addition. The inlet line through which the VOC was 

injected into the chamber was heated throughout the experiment to 60 °C, and the PTR-ToF-MS 

inlet line was also heated to the same temperature to prevent losses of VOC on the steel surfaces 

of the inlets. (However, we could not account for losses happening on the surface of the Teflon 
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chamber.) We created a calibration plot for each VOC comparing the actual amount of VOC in 

the chamber (assuming no wall losses) with that reported by the PTR-ToF-MS instrument 

(Figure 4.3). The resulting calibration factors, representing the ratio of measured to actual VOC 

mixing ratios, ranged from 1.2 to 6.2. Confidence intervals were calculated at the 95% level 

based on the uncertainty in the injection, the PTR-ToF-MS traces, and the resulting linear 

regression. These values are reported in Table 4.3. 

 

Figure 4.3. The PTR-ToF-MS calibration plots for (A) acetaldehyde, (B) acetone, (C) acetic 

acid, and (D) d-limonene. The horizontal axis is the PTR-ToF-MS measured mixing ratio and the 

vertical axis is the known amount that was injected into the chamber.  Each data point has 

vertical and horizontal error bars corresponding to 95% confidence intervals of the amount of 

VOC present and measured, respectively. The vertical error bars increase with the VOC amount 

because of the accumulation of errors in the successive injections of the VOC in the chamber. 
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Table 4.3. The resulting calibration factors for each VOC. For the SOA photodegradation 

experiments, we multiplied the mixing ratios measured by the PTR-ToF-MS by this factor for 

each VOC in the main text analysis. The subscripts show the first digit that is not significant. 

VOC Calibration Factor 95% Confidence Interval 

Acetaldehyde 2.69 0.54 

Acetone 1.20 0.27 

Acetic Acid 1.96 0.53 

Limonene 6.2 1.1 

 

4.4 Results and Discussion 
 

4.4.1 Loss of Limonene and Formation of OVOCs 

 

Figure 4.4 shows a result of a typical irradiation experiment in which selected OVOCs 

and limonene are observed in the PTR-ToF-MS before, during, and after irradiation with the 

presence of background limonene in the system. For each of these experiments, the window was 

inserted just before the 0-minute mark, and a baseline count of the OVOCs (and the limonene) 

was recorded before the UV-LED was turned on. The UV-LED was turned off after observing a 

steady signal for the OVOCs (and limonene). The signal reached the baseline before inserting a 

new window. The limonene mixing ratio reproducibly decreased when the UV-LED was on and 

returned to the previous level after the UV-LED was turned off. During the irradiation period, 

several OVOCs’ mixing ratios increased when the UV-LED was on.  
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Figure 4.4. An example of photoinduced uptake of limonene and photoproduction of various 

OVOCs from the NAP/NOx SOA observed with the PTR-ToF-MS. The UV-LED was turned on 

at ~8 min and turned off at ~30 min.  

 

Most of the increase in OVOCs can be attributed to photodegradation of the SOA 

material.150 In our previous experiments, which had a similar design, but did not have limonene 

flowing over the SOA, the SOA photodegradation from 305 nm radiation was readily observed. 

In control experiments with the 365 nm light source, in the absence of limonene, the same 

nominal masses increased in abundance during irradiation in the PTR-ToF-MS traces as 

previously observed.150 However, due to the much larger intensity of the 365 nm LED, the 

increase in the OVOC signals was considerably higher. Formic acid was observed as the major 

SOA photodegradation product, similar to the findings of our previous work.92, 100, 150 In this 
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work, the increase in formic acid from SOA photodegradation was so large that it often saturated 

the PTR-ToF-MS detector. Therefore, the formic acid signal is not shown in Figure 4.4.  

In addition to the photodegradation of SOA resulting in OVOCs, there was evidence for 

photosensitized uptake of limonene on SOA. Specifically, it was observed that for selected SOA 

systems, there was a decrease in the counts of limonene to a steady state when the UV-LED was 

turned on. The decrease in signal was only a few percent, as shown in Figure 4.4. Table 4.4 lists 

the SOA systems probed in this work and the effective uptake coefficients (γeff) for limonene, 

which are defined as the fraction of limonene collisions with the surface that lead to a 

photosensitized reaction. Note that the uptake coefficients in Table 4.4 correspond to UV-LED 

power of 480 mW, and they scale linearly with the power. The next section describes the 

derivation of the uptake coefficients used for this work. 

4.4.2 Uptake Coefficients 

 

The geometry of the experiment is schematically shown in Figure 4.2. The flow of air 

containing 200 ppbv limonene goes through a cylindrical tube with i.d. = 1.5 cm at a volume 

flow rate of F = 200 cm3 s-1. The SOA sample is located on a CaF2 window at the bottom of a 

cylindrical side tube with length L = 3 cm and inner diameter ID = 1.5 cm. The PTR-ToF-MS 

measures the concentration of limonene exiting from the cell, C [molec cm-3]. For the mixing 

ratio of 200 ppbv used in these experiments, C = 4.9x1012 molec cm-3. When the UV-LED is on, 

the reduction in the measured concentration is only a few percent, so the inlet and outlet 

concentrations of limonene can be regarded as approximately the same. A small amount of 

limonene is lost onto the SOA coated window establishing a gradient of concentration along the 

side tube. The concentration in the immediate vicinity of the surface is Cs [molec cm-3]. The 

transfer of limonene to the SOA coated window is not purely diffusive - we verified this by 
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drastically changing the flow geometry and getting the same final result for the uptake 

coefficient. Nevertheless, we attempt to model the diffusion through the side tube with normal 

diffusion equations below. 

The number of molecules delivered by the air flow per second, Source [molec s-1], can be 

related to the volume flow rate set by the mass flow controller, F, and the limonene 

concentration in the inlet flow as follows: 

Source F C            (4.1) 

Under the steady state conditions, the net flux of limonene molecules through the flow,   

J [molec cm-2 s-1], and the absolute loss rate due to the surface reaction, Loss [molec s-1], can be 

calculated as follows: 

4 4

eff corrected s
C CLoss

J
Area

      
  

       (4.2) 

In this equation, eff is the effective uptake coefficient measured in the experiment, 

corrected is the actual uptake coefficient, Area [cm2] is the area of the sample that is irradiated 

(about 1 cm2), and ν [cm s-1] is the average speed of limonene (MW is the molecular weight of 

limonene, R is the gas constant, T is the absolute temperature): 

48
2.15 10


  

RT cm

MW s         (4.3) 

Equation (4.4) shows that the effective and true uptake coefficient are related 

corrected eff

s

C

C
  

          (4.4) 

The fractional reduction in the limonene that we observe in the flow with the PTR-ToF-

MS is: 
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4

UVoff UVon eff

UVoff

Ion Ion AreaLoss

Ion Source F

   
 


      (4.5) 

We can rearrange and substitute measured values of PTR-ToF-MS ion currents into Eq. 

(4.5) to calculate γeff. We show an example of this calculation for the GUA/OH SOA system 

below, in which the limonene signal dropped by 1.2% during the irradiation: 

3

6

4 2

4 3.33
4

0.012 7.4 10

2.15 10 1

UVoff UVon

eff

UVoff

cm
Ion Ion F s

cmIon Area
cm

s






 
     


 

  (4.6) 

This uptake coefficient is reasonably large, so the diffusion gradient may be substantial 

(if the limonene transfer to the SOA substrate is controlled by diffusion). If we assume that the 

concentration gradient in the tube is linear, the diffusion flux can be approximated as: 

 sC C
J D

L


 

          (4.7) 

D   0.2 cm2 s-1 is the estimated diffusion coefficient of limonene at ambient temperature 

and pressure.178 From this, the concentration near the SOA surface can be estimated as follows: 

1
4

eff

s

LJ L
C C C

D D

   
    

         (4.8) 

And the corrected uptake coefficient becomes 

1

1
4

corrected eff

eff L

D

 
 

 
  

 
          (4.9) 

For the GUA/OH SOA example, the corrected uptake coefficient is  

 
6 51

7.4 10 1.9 10
1 0.60

corrected      


       (4.10) 



85 
 

The correction is quite large even for this smallest observed uptake coefficient. For the 

rest of the SOA systems studied in this work the effective uptake coefficient becomes too large 

for making the diffusion correction reliably (the linear gradient approximation breaks down). 

Therefore, the effective uptake coefficients listed in Table 4.4 should be interpreted as the lower 

limits for the actual uptake coefficients. Nevertheless, as we discuss in the text, the actual values 

of the uptake coefficients are not likely to be much higher than the effective values listed in 

Table 4.4. Therefore, the main conclusion of this work (that these uptake coefficients are too 

small to play a role in controlling loss rates of VOCs on SOA particles) is not likely to be 

affected by the diffusion limitations in some of our experiments. 

As previously described, diffusion limitations on the observed uptake rate could be 

possible with the flow cell geometry and experimental conditions used in this work. To minimize 

possible diffusion limitations, the flow pattern was intentionally changed in selected experiments 

so that the flow was supplied directly onto the window with a bent 3mm I.D. tube inserted inside 

the flow cell. This modification did not change the observed uptake coefficient suggesting that 

there was sufficient turbulent mixing in the flow cell, making diffusion limitations less 

important. The fact that the γeff values are reproducibly different for a variety of SOA types also 

suggests that the diffusion limitations are minimal.  

It is important to note that the loss of gas-phase carbon in limonene in Figure 4.4 is not 

balanced by the gain of gas-phase carbon in OVOC production; therefore, there is both 

photodegradation of SOA and a photosensitized uptake of limonene occurring simultaneously. 

For all SOA systems, the amount of carbon in the OVOCs produced was more than an order of 

magnitude larger than that in the reacted limonene. It is certainly possible that the 

photosensitized uptake produces similar OVOCs compared to the ones produced by SOA 
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photodegradation, but photodegradation of SOA is a far more important source of OVOCs than 

the photosensitized reactions. We attempted to determine the mass lost (or gained) by the SOA 

sample by recording its change in mass; however, the change in mass was small and not 

reproducible.  

 

Table 4.4. Summary of the results of the photosensitization experiments.a 

SOA system effective uptake 

coefficient (γeff) 

BP/SA Reference System 5.7  10-5 

NAP/OH, Low NOx 1.3  10-5 

NAP/OH, High NOx 3.1  10-5 

LIM/OH, Low NOx - 

LIM/OH, High NOx 2.0  10-5 

ISO/OH, Low NOx - 

ISO/OH, High NOx 2.4  10-5 

GUA/OH, Low NOx 7.4  10-6 

GUA/OH, High NOx 1.1  10-5 

aThe effective uptake coefficient, γeff, is listed for each system that exhibited measurable 

photosensitization. Because of the possible diffusion limitations in the experiments, the values of 

γeff may represent the lower limits for the actual uptake coefficients. The γeff are calculated for an 

LED power of 480 mW; when scaled to more typical atmospheric conditions eff would be a 

factor of 17 smaller. If γeff is not listed, the decrease in limonene was not detectable. BP/SA 

stands for the benzophenone/succinic acid mixture, the reference system, which is expected to 

have photosensitization properties. 

 

All the high-NOx SOA samples, and all naphthalene and guaiacol SOA samples exhibited 

photosensitization capabilities in these experiments. These capabilities are likely from nitrogen-

containing photosensitizers and aromatics, and these are produced during high-NOx SOA 

formation (except for the reference BP/SA system, which already has a known photosensitizer). 
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Previous studies have shown that lab-generated SOA under high-NOx conditions and urban 

particulate matter contain nitrogen-containing species, carbonyls and nitroaromatics.179-180 The 

guaiacol high-NOx samples likely formed substituted nitroaromatic species during the SOA 

generation,162 and nitroaromatics are capable of photosensitization.9, 181 On the other hand, the 

naphthalene- and guaiacol low-NOx samples may have formed ring-substituted products during 

SOA formation,143, 182 which are likely photosensitizers.9, 181 

The reference BP/SA system with the known BP photosensitizer is important, as it 

strongly suggests that the loss of limonene is driven by photosensitization. An alternative 

explanation for the loss of limonene would be secondary gas-phase photochemical processes 

involving free radicals. For example, acetaldehyde, acetone, and other OVOCs produced by SOA 

photodegradation could potentially photolyze in the gas-phase creating free radicals that then 

attack limonene. Based on our estimates, the 365 nm absorption cross sections and photolysis 

quantum yields for acetaldehyde, acetone, and other observed OVOCs are far too small to 

account for the observed loss rate of limonene. However, we cannot rule out the possibility that 

free radicals are produced on the surface and then escape in the gas-phase as observed in recent 

experiments with the IC photosensitizer by González Palacios  et al.176 

In the photosensitized reaction of particles containing IC and gaseous limonene, 

Rossignol et al.174 were able to detect a number of oxidation products of limonene in the particles 

by high-resolution electrospray ionization mass spectrometry. Some of the same compounds 

were also detected in the gas-phase in this study. For example, protonated masses corresponding 

to C8H12O3, C10H16O2, C9H14O3, C10H14O3, and C9H12O4 were detected across multiple SOA 

systems, with C10H14O3 often being the compound that increased the most during irradiation. The 
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results suggest that photosensitized reactions of limonene on SOA particles likely occur by a 

similar mechanism to the reaction of limonene in IC. 

 

4.4.3 Absorption Spectra of Limonene Reaction Products  

 

VOCs that react in photosensitized reactions could potentially result in products that are 

light-absorbing, and therefore contribute to the burden of brown carbon.108, 183 When the 

reference BP/SA system was exposed to both limonene and 365 nm radiation, a visual browning 

of the sample occurred reproducibly. The resulting brown film was dissolved in methanol and 

examined with UV-visible spectrophotometry (Figure 4.5). Another window containing BP/SA 

was exposed to just 365 nm radiation without limonene vapor, and no visual browning occurred. 

Each separate window for this control had the same amount of material deposited onto it, and 

each window’s material was dissolved in the same amount of methanol. Even though no drastic 

changes in shape of the absorption spectrum were observed (Figure 4.5), the increase in the 

strength of the absorbance and the visual browning of the sample was reproducible. The change 

in the absorbance and browning of the sample suggests that some of the products of the 

photosensitized reaction of limonene with BP/SA remained on the surface, in agreement with 

observations of Rossignol et al.174 for the limonene+IC photosensitized reactions. Because the 

amount of the deposited limonene reaction products is unknown, it is not possible to estimate the 

mass absorption coefficient from these data. However, such a small absorbance change in the 

visible range suggests that the mass absorption coefficient is too small for the limonene 

photosensitized reaction products to act as efficient absorbers of visible solar radiation. The SOA 

samples exposed to UV radiation and limonene vapor showed no discernible change in optical 

properties (data not shown). This does not rule out the possibility that limonene photosensitized 
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reaction products remain on the surface of SOA; all that it shows is that these products are not 

strongly light-absorbing.   

 

 

Figure 4.5. A comparison of the absorption spectra of the BP/SA reference system after 

irradiation for samples irradiated in the presence of limonene and without the presence of 

limonene. 

 

4.4.4 Control Experiments  

 

Several control experiments were performed in this study. A cleaned CaF2 window was 

placed into the system and was irradiated while purge air was flowing through the system. There 

was no reduction in the limonene signal and only a minimal (< 4% relative to the baseline) 

increase in each OVOC’s signal. The same experiment was performed with a film of paraffin 

wax (which is not expected to contain any photosensitizers) on a cleaned CaF2 window, and a 

similar result to the cleaned CaF2 was observed. 
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The power output of the UV-LED was varied, and it was noted that the reduction in 

limonene signal during irradiation of the high NOx SOA samples was linearly related to the 

power output of the UV-LED (Figure 4.6). This suggests that nonlinear processes, such as two-

photon absorption by the SOA material, are not likely to be responsible for the observations. 

This observation makes it possible to rescale the measured uptake coefficients listed in Table 4.4 

to ambient conditions.  

 

Figure 4.6. A regression plot of the limonene PTR-ToF-MS signal versus the UV-LED power 

for the high-NOx SOA systems. Error bars correspond to the 95% confidence level for the ion 

counts of protonated limonene. The reduction in the ion counts is linear with respect to the power 

of the UV-LED. 

 

Finally, the background mixing ratio of the limonene flowing over the system was varied over 

3 orders of magnitude from ~1 ppbv to ~500 ppbv of limonene. The uptake coefficient was 

independent of the limonene mixing ratio consistent with a first-order process with respect to 

limonene. 
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4.4.5 Atmospheric Implications  

 

The experiments described above were carried out at a relatively high power density of 

the 365 nm radiation (up to 480 mW/cm2). The effective uptake coefficients listed in Table 4.4 

correspond to the highest power density used in the experiments. Because the uptake of limonene 

by the irradiated SOA has a linear power dependence (Figure 4.4), we can estimate the uptake 

coefficient under more typical conditions by scaling the lamp’s flux at 365 nm to that of the sun 

in the near UV range (300-400 nm). In this estimation, we are assuming that visible and near-IR 

radiation ( > 400 nm) do not contribute to the photosensitized chemistry because the SOA 

materials do not absorb strongly at these wavelengths.  

This estimation was done for γeff = 310-5, which may represent the best-case scenario for 

photosensitized removal of limonene on SOA particles based on the data listed in Table 4.4. The 

sun’s flux was calculated using the Quick TUV Calculator144 with parameters corresponding to 

Los Angeles, California on the summer solstice at noon. A comparison of the sun and lamp’s 

spectral flux densities and the parameters used for the TUV output is below (Figure 4.7). We 

used the following parameters from the Quick TUV calculator: Latitude/Longitude (34°/-118°), 

Overhead Ozone (300 du), Surface Albedo (0.1), Ground and Measured Altitude (0 km), Clouds 

Optical Depth/Base/Top (0.00/4.00/5.00), Aerosols Optical Depth/S-S Albedo/Alpha 

(0.235/0.990/1.000), Sunlight Direct Beam/Diffuse Down/Diffuse Up (1.0/1.0/0.0) and 4 streams 

transfer model. Figure 4.7 shows a comparison of the spectral flux densities for the sun and the 

lamp in the near-UV region (300-400 nm). Each flux density is integrated over this wavelength 

range. The resulting scaling factor (Lamp/Sun = 17) translates to an effective γambient of 210-6 

under these atmospheric conditions.  
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Figure 4.7. The spectral flux densities over the near-UV range of the electromagnetic spectrum 

of the LED (in blue) and the sun (in red) on the summer solstice in Los Angeles, California. The 

left axis corresponds to the LED, and the right axis represents the sun’s flux density. 

 

Would the estimated value of ambient = 210-6 make the photosensitized loss of limonene 

on aerosol particles and ground surfaces competitive with gas-phase oxidation processes? To 

answer this question, the lifetime of limonene with respect to different loss processes was 

estimated (Table 4.5). The loss rate for limonene under typical ambient conditions is derived 

below. 
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Table 4.5. The lifetimes of limonene with respect to different atmospheric sinks.a 

scenario estimated lifetime 

τSOA >1 yr 

τOH 100 min 

τOzone 170 min 

τSurface 26 hr 

aThe subscripts correspond to: “SOA” = deposition onto 300 nm monodisperse SOA particles 

at [SOA] = 15 g m-3, “OH” gas-phase reaction the hydroxyl radical at [OH] = 106 molec cm-3, 

“Ozone” = gas phase reaction with ozone at [O3] = 4.81011 molec cm-3, and “Surface” = 

deposition onto a vegetation surface. 

 

We now derive the lifetimes of limonene with respect to deposition on atmospheric 

particles under typical atmospheric conditions (with assumed effective ambient uptake 

coefficient ambient = 210-6). Our calculations assume monodisperse particles with particle 

diameter, d = 310-7 m, a particle material density,  = 1400 kg/m3, and the particle mass 

concentration in air, Cmass = 15 g/m3. The area to volume ratio (A/V) for such particles is 2107 

m-1. Possible diffusion limitations for the uptake are neglected in this estimation. 

The combined volume of particulate matter per volume of air is (m3
air is the unit for the volume 

of air and m3
p is the unit for the volume of a particle):  
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 (4.11) 

The combined area of particulate matter per volume of air is (where A/V is the area to volume 

ratio for one particle, per assumptions above): 
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We can also define the loss rate per unit volume air: 
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The effective first order rate constant for limonene is then: 
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Using the effective ambient γ = 210-6, we get: 
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This corresponds to lifetime of limonene with respect to the deposition on SOA particles of: 
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     (4.16) 

If we compare this lifetime to that of limonene reacting with OH and limonene reacting with O3 

in the gas phase, we arrive at the following. We assume that the typical [OH] is 106 

molecules/cm3 and the typical [O3] is ~4.8 x 1011 molecules/cm3. Rate constants are from 

Atkinson.184 
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We now consider the lifetime of limonene with respect to uptake onto urban surfaces. In 

this case, the first term in Eq. 4.21 is the ratio of the actual surface area to the geometric surface 

area over 1 m2 of ground (we set it to 50 as per the maximum discussed by Asner et al.185) and 

the second term is the height of the boundary layer where species mix freely (we set it to 500 m). 

The surface concentration is now considerably larger than it was estimated for the particles:  
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If we substitute the result from Eq. (4.21) into Eq. (4.14), we arrive at the rate of limonene loss 

and lifetime of limonene as: 
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This lifetime is considerably shorter but still not short enough to be competitive with the 

oxidation of limonene by OH or ozone in the gas phase. 

 

The predicted lifetimes of limonene with respect to the reactions with the hydroxyl 

radical and ozone are 100 min and 170 min, respectively. The lifetime with respect to the 

photosensitized loss to SOA particles is orders of magnitude longer. As such, the photosensitized 

reaction of limonene with SOA particles cannot kinetically compete with the gas-phase oxidation 

processes. In terms of the rate with which mass is added to the particle, the SOA+VOC 

photosensitization process similarly cannot compete with the gas-phase oxidation followed by 

deposition, at least for VOCs that have high SOA yield. Because gas-phase oxidation of 

limonene produces SOA particles in high yields,123 the rate of particle growth will be determined 

by the rate of limonene oxidation, which is faster in the gas phase. The situation may be different 

for VOCs that have low SOA yield, such as isoprene. But for VOCs with high SOA yields, the 

photosensitized growth of particles proposed by Monge et al.,111 might be too slow compared to 

the growth from the normal gas-to-particle partitioning of limonene gas-phase oxidation 

products. 

Based on our estimations, the uptake of limonene onto vegetation surfaces (26 hr) may 

be more competitive with atmospheric gas-phase oxidation because of the higher available 

surface area provided by the vegetation surfaces. Because the uptake coefficients estimated in 

this study represent a lower limit for the actual uptake coefficients, the photosensitized uptake 

could be even faster.  Such photosensitized reactions could be more relevant in the leaf boundary 

layer, where the concentrations of VOCs are higher and concentrations of oxidants are lower,186 

making the vegetation surface driven photosensitized processes potentially important. This is a 
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research avenue that should be explored, as it may be another possible sink for freshly-emitted 

VOCs in the atmosphere. 

This study explored the possibility of photosensitized reactions with SOA particles; 

however, a number important questions remain: (a) What is the influence of relative humidity on 

the SOA and photosensitized reactions? The viscosity of the SOA matrix is lowered187 when the 

relative humidity is increased, and this could lead to different uptake coefficients and therefore 

lifetimes of VOCs partitioning into aerosols. (b) Does this photosensitization process occur for 

VOCs other than limonene? Isoprene was also tested in preliminary experiments, and it exhibited 

similar behavior to limonene. (c) Which other irradiation wavelengths show photosensitization 

capabilities for SOA particles? It would be interesting to try other wavelengths to create a so-

called photochemical action spectrum in which the effective uptake coefficient is plotted on the 

y-axis and the wavelength of irradiation is on the x-axis; however, that is beyond the scope of 

this work. (d) Running experiments with urban surfaces and/or plant materials would help 

elucidate the degree of uptake of VOCs onto them. If this uptake is kinetically competitive with 

the previously-mentioned gas-phase oxidants, it could help improve climate models for sinks of 

VOCs. 

 

4.5 Conclusions 
 

This exploratory study on the feasibility of photosensitized reactions involving SOA 

particles in the presence of gas-phase VOCs has shown that photoinduced uptake of VOCs is 

indeed experimentally observable on a variety of types of SOA particles. While previous 

observations of photosensitized loss of VOCs exist, they relied on simple model mixtures 

containing known photosensitizers. To the best of the authors’ knowledge, this is the first time 
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photosensitized loss of VOCs on surfaces has been observed for more atmospherically-relevant 

SOA. The experimentally determined lower limits for the effective uptake coefficients for the 

photosensitized loss of limonene on SOA particles are on the order of 10-5 under laboratory 

conditions or 10-6 under solar irradiation conditions corresponding to Los Angeles, California 

on the summer solstice at noon. The relatively small size of the uptake coefficient and 

insufficient surface area presented by ambient SOA particles make the resulting rate of the 

photosensitized loss of limonene on SOA particles considerably slower than the rate of the gas-

phase oxidation of limonene by OH and O3. However, the rate of photosensitized loss of 

limonene on vegetation surfaces coated with SOA material could be higher and potentially 

competitive with the gas-phase oxidation.  

 

  



99 
 

Chapter 5: Photochemical Reactions on Tree Surfaces 
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5.1 Abstract 
 

 The photodegradation and photoinduced uptake experiments we previously discussed in 

Chapters 2, 3, and 4 are now probed for a Scots pine sapling. A given isolated sapling is exposed 

to doses of ultraviolet light and ozone in an attempt to form SOA from the tree emissions and 

coat the needle surfaces with some SOA material. A second ultraviolet light dose is then given to 

the tree to induce photochemical reactions in the SOA material sitting on the needles. The results 

of these measurements are not conclusive, due to complications associated with VOCs being 

emitted by the plant itself and the dependence of these emissions on the irradiation level. 

However, secondary photochemical reactions could still occur in other parts of the atmosphere 

for the SOA that does not coat the pine needle surfaces. 

 

5.2 Introduction 
 

 Boreal forests (also known as the “taiga”) are located in the extreme northern 

hemisphere,188 comprise nearly 30% of the forest cover on Earth,189 and are known to emit large 

amounts (hundreds Tg/year) of monoterpenes.190-191 Therefore, they make a large contribution to 

global SOA formation. A common characteristic of these forests is the presence of coniferous 

trees, and in Finland, the Scots pine (Pinus sylvestris L.) is a dominant species.192 Recently, it 

was suggested that forests can serve as a large source of formic acid in the atmosphere through 

secondary atmospheric processing.146, 193-196 Formic acid contributes to acid rain, particularly in 

remote atmospheres.145 

 In order to understand tree emission VOC profiles and the subsequent reactions involving 

the VOCs emitted by the trees, there have been many previous studies on trees isolated in indoor 

vessels. For example, trees have been isolated and exposed to a variety of stressors, such as 

simulated herbivory,197 pine weevil feeding,198 ozone exposure,199-200 mechanical wounding,201 
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and elevated ultraviolet light exposure.202-204 Additionally, photodegradation studies have been 

carried out on pesticides205 and organic pollutants206 that were deposited onto plant surfaces. 

However, the chemistry of SOA material that presumably deposits on trees in significant 

quantities has not been explored.207 We previously showed that photodegradation of SOA is 

efficient and occurs on atmospherically-relevant time scales.150 We did see evidence for 

photosensitized uptake of VOCs into SOA, but the rate of VOC deposition was not as 

atmospherically relevant as the competing production of VOC in photodegradation of SOA.160 

We wanted to test if photochemical reactions on surfaces of vegetation (in this case Scots 

pine saplings) could serve as a source and/or sink of VOCs. We isolated trees in Teflon bags and 

probed the photochemical reactions after they were coated with SOA formed from the tree 

volatiles. Our primary motivation was to see how these reactions would occur in the vicinity of 

these trees for a more “atmospherically realistic” system. For these preliminary experiments, we 

observed more complicated behavior compared to the isolated SOA that we studied in previous 

chapters. 

 

5.3 Experimental Section 
 

 Approximately 7-year-old Scots pine saplings were used for this study. The saplings were 

approximately 1.5 m in height. Before experiments began, the saplings were kept in a 

greenhouse and watered regularly. This study was done in June in Kuopio, Finland, so the trees 

were exposed to nearly 21 hours of daylight per day. A selected sapling was brought into the 

laboratory, and a 150 L Teflon bag was placed around the tree and zip tied closed at the trunk. 

The airflow into the bag was ~100 sccm more than the instruments required, so that the bag 

would inflate slightly and not touch as many plant surfaces. The tree was allowed to equilibrate 

to the indoor environment for at least 12 hours. Eight visible, full spectrum lamps (Ikea) were 
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placed around the sapling and were kept on at all times during the experiment in order to 

simulate the greenhouse conditions. The room where the experiment was done was kept between 

20 and 22 °C.  

 During the equilibration and experiment, a humidified zero air stream was passed through 

a Nafion exchange system (Perma Pure PD-100T) to create ~60% RH in the Teflon bag. The 

total incoming air was set at 1 SLM. A relative humidity and temperature probe was placed 

inside the bag as well (Vaisala model HMP60). 

 Ozone was generated during specific stages of the experiment as well. The ozone was 

generated via oxygen (“6.0 purity,” AGA Company) being passed over a 254 nm lamp setup 

(UVP model 506-2). The ozone levels were monitored with an ozone monitor (Thermo Scientific 

model 49i). 

 UV lamps surrounded the side and top of the tree when it was in the experiment phase. 

Four were on the side and 3 were on the top at distances of 8 cm and 20 cm, respectively from 

the Teflon bag. UV-B lamps were predominately used (Philips TL-40W-12-RS), and control 

studies were done with UV-A lamps (Philips TL-K-40W-1SL). A figure containing the 

irradiance of the lamps (measured with a Gooch & Housego OL 756 Spectroradiometer) is found 

below (Figure 5.1). The lamps are also compared to the solar irradiance at noon on the Summer 

solstice in Kuopio, Finland with data from the Quick TUV calculator.144 The following 

parameters were employed: 

• Latitude/Longitude: 63°N, 28°E 

• Date: 20170621 

• Time (GMT): 14:00:00 

• Overhead Ozone: 300 du 
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• Surface Albedo: 0.1 

• Ground/Measured Altitude: 0 km 

• Clouds: 0/4/5 

• Aerosols: 0.235/0.990/1 

• Sunlight: 1/1/0 

 

 

 

Figure 5.1. The irradiance of the set of UV-B lamps (in blue), UV-A lamps (in red), and the 

solar irradiance at noon on the Summer solstice in Kuopio, Finland are compared between 250 

and 400 nm. 

 

 

 Detection was performed with a suite of on-line instruments. A PTR-ToF-MS was used 

to detect volatile organic compounds (with a higher proton affinity than that of water) at 200 

sccm inlet flow and 130 Td drift field strength. Because “stickier” species such as formic acid 
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can be lost in tubing to the PTR-ToF-MS inlet, the inlet was placed directly into the bottom of 

the Teflon bag during the experiment. An SMPS with a model 3775 condensation particle sizer 

and a model 3082 electrostatic classifier was used to determine the size-resolved mass 

concentration of generated particles. An Aerosol Mass Spectrometer (AMS; Aerodyne, Inc.) was 

hooked up for select experiments to ascertain the degree of oxidation of the aerosol. Finally, for 

select experiments an Iodide CIMS was used for detection of SVOCs. The CIMS used for this 

study is described elsewhere.208  

An overview of the experiment is shown below in Figure 5.2, Figure 5.3, and Table 5.1. 

After a tree was equilibrated, the experiment began at approximately the same time every 

morning (within 15 minutes start time). Five hundred mL of tap water was fed to the tree right 

before the experiment began. The PTR-ToF-MS monitored the biogenic VOCs coming from the 

tree inside the bag. Before the tree was even inserted into the bag, background VOC mixing 

ratios in the bag were recorded. After the background signal with the plant was attained, the UV-

B lamps were turned on for several hours in order to stress the plant and to make it produce more 

biogenic VOCs. The UV-B lamps were turned off and the plant was allowed to equilibrate for 

~20 minutes. (If we waited long enough (i.e., hours) after the UV-B lamps were turned off, the 

levels of the biogenic VOCs decreased to the earlier baseline.) Next, the ozone was fed to the 

Teflon bag to achieve ~100 ppbv of ozone inside the bag. Previous studies show that this mixing 

ratio of ozone is not likely to stress the plant,199, 209 but it does produce SOA. The ozone was fed 

to the bag for 1.5 hr. During this time, 75-250 μg m-3 of particles were present inside the Teflon 

bag (as detected by the SMPS). After the ozone was no longer supplied to the bag, the plant was 

allowed to sit for a couple of hours to allow the SOA to coat the needles of the tree (and partition 
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to the walls of the bag). Finally, the UV-B lamps were turned on a second time to irradiate the 

SOA particles that were on the needles and monitor the behavior of the VOCs. 

 

 

 
Figure 5.2. An overview of the experimental setup used for the scots pine saplings. A stream of 

humidified air that can optionally contain ozone is fed to the Teflon bag containing the tree. 

Relative humidity and temperature are also measured in real time with a probe. UV-B lamps are 

turned on during specific stages of the experiment to initiate either stress of the tree or 

photochemistry of the SOA. Visible lamps are on at all times. A variety of instruments on the 

right-hand side of this figure are used for detection of species. The PTR-ToF-MS is connected 

directly to the bottom of the bag for reasons mentioned in the main text. The tree branch image is 

from the public domain. 
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Figure 5.3. A photograph of the experimental setup wherein a tree sapling is placed inside the 

Teflon bag. The visible lights are turned on in this example. 
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Table 5.1. An overview of the experimental parameters used for these experiments. The X in 

each column corresponds to which parameters were employed at the given section of the 

experiment. The experiment progresses from top to bottom of this table. 

 Parameter Visible Light Ozone UV light 

Bag Background X   

Background with Plant X     

UV Light X   X 

Background X     

Ozone Exposure X X   

Background X     

UV Light X   X 

Background X     

 

 

 Several controls were also run for this study. The time durations between switching 

experimental parameters (e.g., the wait time between ozone exposure and the second UV-B 

irradiation episode) were varied. These experimental results (next section) were consistent with 

other experiments. UV-A lamps were also used for a control experiment. These lamps made the 

tree emit fewer quantities of biogenic VOCs, and the photolysis section of the experiment was 

consistent with the UV-B lamp data. The temperature experienced inside the Teflon bag 

increased by 2 °C during irradiation experiments. Therefore, a control was run where the inlet air 

was heated to make the tree experience the same temperature effect. The results of this specific 

control experiment showed only a negligible amount of biogenic VOC emission increase. An 

empty, clean Teflon bag was exposed to the UV-B radiation, and it was determined that a 
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majority of the signal from acetaldehyde during irradiation was actually from irradiation of the 

air in the bag, which complicated interpretation of the experiments. Finally, after exposure to the 

ozone, the UV-B lamps were cycled on and off for several hour periods. The given tree emitted 

successively fewer quantities of biogenic VOCs during this control. 

 

5.4 Results and Discussion 
 

 Figure 5.4 shows the PTR-ToF-MS results of a typical experimental run. The 

monoterpenes (e.g., limonene, pinene) are isobars and cannot be resolved with this technique. 

They are therefore plotted as a single trace (in purple). The other traces selected were either ones 

that showed significant changes during varying experimental parameters or were ones that were 

found in high amounts in previous chapters of this dissertation. The preliminary results of this 

exploratory study show that the behavior of the SOA-coated trees is different from that observed 

for the condensed-phase aging experiments that were parts of Chapters 2, 3, and 4. A variety of 

VOCs are produced, but formic acid is not the dominant photoproduced VOC like in the 

previous studies. In fact, the production amounts of formic acid on the second round of UV-B 

exposure relative to the initial exposure is not discernable. As mentioned earlier, the control 

study with an empty Teflon bag actually yielded an appreciable amount of acetaldehyde 

photoproduction. With this study, the origin of the VOCs is not clear in regard to the 

photochemistry of the SOA deposited on the trees versus just the UV-B light stressing the plants. 

Additionally, there is no evidence for uptake of VOCs during the irradiation. Because the PTR-

ToF-MS results yielded results that were inconclusive, we did not pursue the full analysis of the 

Iodide CIMS or the AMS data. Preliminary analysis showed similar results to the PTR-ToF-MS 

data for the Iodide CIMS data (not shown).
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Figure 5.4. The PTR-ToF-MS traces for a typical experiment. The normalized (to the hydronium reagent ion) counts per second are 

presented on the y-axis and the time (in hr) is presented on the x-axis. Colored background shading corresponds to different 

experimental parameters. The initial bag and then plant background are presented with green shading. The first UV exposure is shown 

with blue shading. The next background is presented with no shading. Note that this time was shorter than other backgrounds for 

reasons mentioned in the experimental section. The ozone exposure is shown in pink shading. The second UV exposure is shown in 

purple shading. Finally, the background of the plant is shown in white shading at the end of the experiment. 
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Figure 5.5 shows the results of the SMPS data for right before ozone exposure, during 

ozone exposure, after ozone exposure, and during the second UV exposure for two different days 

in which the time before UV exposure was varied. 

 
Figure 5.5. The SMPS particle concentration data for two separate days of experiments. The 

ozone is fed to the bag right after the 0 hr mark. The ozone is stopped at the 1.5 hr mark for each 

of these days. On June 18, the UV-B lamps were turned on at the 2.5 hr mark, and for June 20, 

they were turned on at the 4.25 hr mark.  

 

 For the SMPS data, waiting to turn the lamps on until a later time showed no effect on the 

decrease in particle concentration (June 20th relative to June 18th). The decrease asymptotically 

reached the baseline after a few hours regardless of when the lamps were turned on. Because of 

the experimental design, it was not possible to determine if the SOA was being deposited on the 

needles of the tree or partitioning to the walls of the Teflon bag. 
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 The most interesting aspect of this project is that the behavior of the photodegradation is 

quite different from the isolated SOA particles. However, this is not to say that the 

photodegradation will not occur. The lamps used for this study may not be strong enough relative 

to the lamps used in Chapters 2, 3, and 4. As such, the particles may be partitioning away out of 

the bag before there is a chance for photolysis to occur. Additionally, even though we do not see 

primary photoproduction of species such as formic acid, they could be formed as secondary 

photoproducts.193 
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