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Abstract 

Dust is one of the leading contributors to particulate matter (PM) in the atmosphere and can 

be natural (i.e., mineral dust) and anthropogenic (i.e., road and industrial dust) in origin. 

Natural and anthropogenic dusts provide a reactive surface for the chemical transformation of 

pollutant gases, which can influence both the composition of the atmosphere and dust PM. To 

date, most heterogeneous chemistry studies exploring dust–pollutant interactions have used 

commercially available, single-component metal oxides as a proxy for mineral dust, and no 

studies have investigated the heterogeneous chemistry of anthropogenic dust. Together, this 

limits our ability to predict the air quality (AQ) impacts of dust PM, which will become 

increasingly important in the future as a result of: a) an increase in mineral dust emissions due 

to increasing aridity and desertification as a result of climate change and land modification, 

respectively and b) road dust dominating traffic-related PM as countries move towards net-

zero fleet emissions. The goal of this thesis is to advance dust–pollutant interaction studies by 

investigating the uptake of ozone, an important atmospheric oxidant, by natural, road, and 

atmospherically aged dust substrates. 

In my first project, I found that the photoreactivity of a suite of natural titanium (Ti)-

containing minerals commonly found in mineral dust display vastly different photoreactivity 

with ozone, even within the same mineral phase sampled from different locations. In addition, 

I found that the photoreactivity of natural titanium dioxide (TiO2) minerals is orders of 

magnitude lower than commercial TiO2, which is typically used as a photoactive proxy in 
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studies of dust photochemistry. This work highlights the importance of considering mineral 

phase when assessing dust photoreactivity and provided motivation for me to explore the 

photochemical drivers of Icelandic volcanic dust in my second project. Here, I observed 

modest photochemistry of a Ti-rich sample from the Mýrdalssandur dust source region with 

ozone and found that most of the elemental Ti is contained in the non-photoactive glass 

fraction of the sample, with minor amounts present in moderately photoactive Ti-containing 

mineral phases. This project demonstrated the advantages of using elemental speciation for 

predicting and understanding the photochemistry of glass-rich volcanic dusts.  

In my third project, I investigated the reactivity of ozone with road dust and commercial anti-

icer, a saline solution applied to roads in cold-climate regions. Interestingly, I found that ozone 

is more reactive towards road dust than mineral dust. In addition, I demonstrated that the 

interaction of ozone with anti-icer leads to production of inorganic chlorine gas, an important 

precursor for the reactive chlorine radical. This work demonstrates that the interaction of 

ozone with road dust PM and the road surface has the potential to influence the oxidative 

power of the urban atmosphere, and that this heterogeneous chemistry should be considered 

in future when making road maintenance decisions in high-latitude urban regions.  

My fourth project focused on the influence of atmospheric aging on dust photochemistry by 

exploring the photochemistry of internally mixed dusts. In this work, I discuss the design and 

construction of a custom-built photochemical aerosol flow tube reactor that is used to 

investigate the photochemical uptake ozone by organic-coated TiO2, which I used as a simple 
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model system for atmospherically aged mineral dust. Here, I demonstrated the suppression of 

ozone uptake by organic coatings and observed decreasing ozone uptake with increasing 

coating thickness. This work is the first to demonstrate the evolution of mineral dust 

photochemistry during atmospheric aging, which may require us to consider the influence of 

organic coatings on the inherent photoreactivity of dust. 

This thesis provides significant advancements in dust heterogeneous chemistry studies by 

exploring the reactivity of naturally sourced mineral and road dust, as well as the influence of 

atmospheric aging on dust photochemistry. Together, this will ultimately allow us to better 

predict the AQ impacts of dust in the urban atmosphere. 
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1.1 Atmospheric dust 

Earth’s chemically complex atmosphere is comprised of gases and suspended liquid or solid 

particles in air, known as particulate matter (PM). Atmospheric dust is a large contributor to 

PM mass loadings with global model emission estimates ranging from 500–4400 Tg yr–1.1 On 

average, the residence time of dust in the atmosphere ranges from 1.6 to 7.1 days1 but can be 

over two weeks during transatlantic transport.2 During its atmosphere lifetime, dust can 

influence climate, air quality (AQ), and health; for example, dust can directly impact climate 

by scattering and absorbing light, and indirectly by influencing the formation of clouds.3 

Furthermore, because atmospheric dust particles span a large size range (<0.5 to >75 μm in 

diameter)4,5, they contribute to particulate matter less than 10 µm in diameter (PM10) and 

particulate matter less than 2.5 µm in diameter (PM2.5), both of which can be inhaled and lead 

to respiratory and cardiovascular health issues.6 Finally, atmospheric dust provides a reactive 

surface in the atmosphere for chemical transformation of pollutant species,7,8 which can impact 

regional AQ during periods of high dust loadings by changing the chemical composition of 

both the troposphere9 and dust particles themselves.10 The influence of atmospheric dust on 

climate, AQ, and health is complicated by the fact that its physicochemical properties are 

governed by its composition, which is dependent on its source11,12 and chemical evolution 

during its atmospheric lifetime.10   

1.1.1 Natural dust: source regions, chemical composition, and transport 

Earth’s crust is the thinnest, most-outer layer of Earth and contains, on average, Si (28.2%), Al 

(8.2%), Fe (5.6%), Ca (4.2%), Na (2.4%), Mg (2.3%), K (2.1%), and Ti (0.6%).13 Geothermal and 

geochemical processes lead to the transformation of crustal elements into minerals, which are 

inorganic solids that contain an ordered and repeating arrangement of atoms (i.e., 

crystalline).14 Most minerals that exist on Earth are oxidized because of the oxygen-rich 

environment;14 as a result, elemental quantification of crustal material is often reported in 

oxide form.15 Approximately 90% of minerals on Earth belong to the silicate mineral group, 

which contain silica tetrahedrons (SiO4–) as their basic building blocks for crystal lattices; 
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however, Al substitution for Si is common and can lead to the formation of Al-rich silicates.16 

Other mineral groups found on Earth include native elements,17 sulfides, oxides, halides, 

carbonates, sulfates, and phosphates.18,19 

Minerals that comprise the uppermost layer of Earth’s crust are the most susceptible to 

physical, chemical, and biological weathering, which can result in their breakdown to smaller 

particles that can become airborne when surface winds are sufficient for suspension.14 The 

atmospheric residence time of mineral dust is highly dependent on particle size, as larger 

particles are more likely to experience gravitational settling20, which is governed by the Stokes 

equation.21 Evidence for this settling has been observed in a number of field studies;22–24 

however, turbulence, strong convective clouds, and triboelectric effects can result in long-

range transport of giant mineral dust particles ( >75 µm in diameter).25 Transport-related 

changes in mineral dust size distributions are also often associated with changes in dust 

mineralogy and morphology;26,27 for example, Glaccum et al. attributed decreasing quartz:clay 

content with increasing atmospheric transport time in Saharan dust to the settling of quartz 

particles, which have a larger mass median diameter compared to clays.26 

Aeolian dust can be transported thousands of kilometers; one classic example of this 

phenomenon is the Saharan air layer (SAL), a warm, dry air mass, which transports billions of 

tons of Saharan dust each year from the west coast of Africa to the Atlantic Ocean, Europe, 

North America, and South America (Figure 1.1).28 The deposition of this dust into the Atlantic 

Ocean and South America provides an important source of micronutrients for oceanic 

phytoplankton29 and soil in the Amazon rainforest,30 respectively. Asian mineral dust, which 

originates from deserts in China and Mongolia, can also undergo long-range transport and 

reduce AQ in Japan31 and Taiwan.32 

1.1.1.1 Mineral dust from warm desert regions 

Low-latitude deserts are by far the largest contributors to natural dust in the atmosphere with 

∼ 50, 40, and 10 % of global dust loadings (20 μm in diameter) from North Africa, Asia, and 
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North American and Southern Hemisphere regions, respectively.33 These areas can be further 

divided into nine source regions, which include (1) western North Africa, (2) eastern North 

Africa, (3) the southern Sahara and Sahel, (4) the Middle East and central Asia (which includes 

the Horn of Africa), (5) East Asia, (6) North America, (7) Australia, (8) South America, and (9) 

southern Africa.33  

Figure 1.1: A satellite image of a Saharan dust plume captured by the National Aeronautics and 
Space Administration (NASA)-National Oceanic and Atmospheric Administration (NOAA) 
Suomi National Polar-orbiting Partnership on June 18th, 2020. The dust plume, shown in light 
brown, is being transported off the west coast of Africa into the Atlantic Ocean. Image (with 
adapted caption) obtained from NASA Worldview.34 

 

Despite the fact that mineral dust is generally composed of quartz, clay, feldspar, gypsum, 

calcite, hematite, and goethite minerals,11 its chemical and mineralogical composition is still 

source dependent.11,35–37 For example, illite/kaolinite ratios in the clay fraction of mineral dust 

have been used to identify dust source regions38 because dust from northern Africa is known 

to contain a lower illite/kaolinite ratio (<2) compared to Asian dust (>5).36 Calcite content in 

mineral dust also varies with source location,36 as calcite content in dust source regions 

decreases with increasing annual rainfall.11 However, the identification of dust source regions 

based off the mineralogical analysis of collected samples is not always conclusive; instead, 
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satellite imagery and air mass back trajectory models are also used to predict the original 

sources of atmospheric dust.39 

1.1.1.2 High-latitude glaciogenic and volcanic dust 

Although warm desert regions are the largest source for natural atmospheric dust,33 high-

latitude regions contribute up to ∼ 5% of global dust loadings40 and ∼ 27% of dust loadings in 

the Arctic.41 In the Northern Hemisphere, high-latitude dust regions include Alaska, Canada, 

Iceland, and Greenland, and in the Southern Hemisphere, they include Antarctica, New 

Zealand, and Patagonia.40 In contrast to warm deserts, high-latitude dust is often formed by 

the frictional movement of glaciers, which can displace, break-down, and expose sediments 

that can become subject to atmospheric transport by surface winds.42 While high-latitude dust 

source regions cover a significantly smaller land area compared to lower-latitude deserts, their 

cold, dense air results in some of the strongest winds on Earth, which allows for more efficient 

dust transport.43,44 

The chemical composition of high-latitude dust is significantly less studied than mineral dust 

from desert regions; however, studies have shown it contains similar mineral classes to desert 

dust.45–47 For example, Bachelder and coworkers found that mineral dust emitted from a 

retreating glacier area in Yukon, Canada contained ∼45% clay with lesser amounts of feldspar, 

quartz, calcite, amphiboles, gypsum, and dolomite minerals.45 Similarly, topsoil from Patagonia 

and aeolian dust collected in the Argentinian Pampas was also found to be high in clay 

content.46,47 In addition to its dominant clay fraction, dust from these South American regions 

can also contain materials of volcanic origin.47 

In regions with high volcanic activity, magma is cooled too rapidly to form minerals, and 

instead, leads to the production of glass, which is amorphous (i.e., non-crystalline).48 This 

glassy composition is also reflected in volcanic dust;49,50 for example, dust from Iceland, the 

most volcanically active region in the world and largest source for high-latitude dust,42 is 

predominantly composed of glass rich in Fe, Ti, Mg, and Ca.49 In addition, unlike mineral dust, 
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which is abundant in clay and quartz minerals,51,52 the mineral component of Icelandic 

volcanic dust contains pyroxene, olivine, and plagioclase minerals.49 These minerals are often 

embedded in the glass fraction or exist as individual micron-sized grains. 

1.1.2 Anthropogenic dust: source regions, chemical composition, and transport 

Although anthropogenic dust, which is emitted from human activities, has existed since the 

Industrial Revolution,53 its contribution to atmospheric dust loadings was neglected until the 

mid-1990s.54 Humans are responsible for both indirect and direct anthropogenic dust 

emissions;55 for example, indirect emissions have been attributed to the exposure of fresh soils 

from land modification by deforestation and agriculture.54 Direct dust emissions can arise from 

vehicular traffic,56 mining operations,57 farming,58 fossil fuel extraction,59 and construction 

activities.60 The chemical composition of anthropogenic dusts can be much more complex than 

mineral dust because they often contain significant components of non-crustal material.57,59,61  

To date, only dust emissions from land modification have been included in global dust 

models,33,62,63 which will result in underestimations of ambient dust loadings. 

1.1.2.1 Industrial dust 

Industrial areas are a significant source for fugitive dusts (i.e., dust generated by open air 

operations), which can be emitted by wind,64,65 vehicular traffic,64 mining operations,66 and 

construction activities60. According to one study, surface disturbances by traffic on unpaved 

roads in the Athabasca oil sands region in northeastern Alberta can increase PM10 emissions 

by a factor of 9 to 160 compared to background levels.64 Likewise, haul and transport roads in 

mining areas are also a significant source for local PM emissions.66  

Often, industrial dusts are more harmful to human health than mineral dust because of their 

enrichment of toxic, heavy metals,57,67 and carcinogenic organic species (e.g., polycyclic 

aromatic hydrocarbons (PAHs))59. For example, Brotons and coworkers detected high 

concentrations of Pb and Zn (~75 and 65 ppm, respectively) in wind-blown dusts from a 

mining waste area in southeast Spain.65 Similar to mineral dust, fugitive dust from the 
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Athabasca oil sands region is abundant in Al, Si, K, Ca, and Fe; however, the organic content 

of this dust is much higher (9–11%), which is reflective of local combustion emissions and 

bitumen.59 Together, industrial dusts can pose a serious human health hazard for frontline 

workers and residents of nearby communities;57,58,60 as a result, much research has focused on 

dust suppressant techniques to mitigate industrial dust emissions.68–70 

1.1.2.2 Urban road dust 

In an effort to reduce traffic-related PM, stricter regulations on vehicular exhaust emissions 

over the last several decades have been imposed in many locations;71 however, in many urban 

centers, road dust resuspension still remains a dominant source of PM.56 Road dust is a complex 

mixture of non-exhaust emissions (e.g., brake and tire wear particles), road abrasion, road salts, 

plant debris, and stormwater/meltwater runoff.56,61,72 Like mineral and industrial dusts, the 

chemical composition of urban road dust is location specific; for example, in regions with mild 

winters, non-exhaust emissions are the dominant source of road dust PM,73 which are known 

to contain heavy metals (e.g., Pb, Zn, Cu, Cd, Ba, Sb and Ni),74 whereas in cold-climate areas, 

road dust composition is dominated by  salts72 and crustal material75 due to the application of 

road salts and sand, respectively.  

Urban road dust can have local environmental and health effects;76–78 for example, in 

Edmonton, Canada, the application of road salts has been found to induce stress in urban trees 

by increasing soil salinity.76 Furthermore, Yu and coworkers determined higher than baseline 

cancer risks from PAHs in road dust samples collected from Tianjin, China for city residents 

using the Incremental Lifetime Cancer Risk model.79 In addition to local effects, road dust 

components can also distributed globally.80 Recently, brake and tire wear particles have been 

found to be a dominant source of atmospheric microplastics,81 with an estimated 140 and 86 kt 

deposited into the ocean and on snow/ice surfaces (in polar and mountain regions), 

respectively, each year.80 This demonstrates that like mineral dust, road dust can also undergo 

long-range transport to remote regions. 
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1.2 Chemical characterization techniques for atmospheric dust 

The chemical and mineralogical composition of atmospheric dust has been characterized by a 

variety of sampling and analytical techniques,82 which each offer their own advantages and 

disadvantages. In this section, these techniques will be described, in addition to their strengths 

and weaknesses. 

1.2.1 Offline measurements 

Offline sampling of atmospheric dust is typically carried out in two ways: 1) filter collection45,83 

and 2) grab sampling.84 For filter collection, ambient dust is either sampled passively (i.e., 

without flow control)83 or actively (i.e., by a vacuum pump).45 The latter technique can allow 

for particle size selection; for example, cascade impactors can be placed prior to the inlet of the 

sampler to control the transmission of particles within a given size range.85 Depending on the 

atmospheric dust loadings in the sampling area of interest, dust mass may be limited and 

require collection over long periods of time. On the other hand, grab sampling from a source 

region is not sample-limited but requires sieving to obtain the smaller fractions that can 

become airborne.84,86 This sampling method involves manual collection by sweeping (e.g., dust 

pan and brush) or scooping;86 however, in the case of road dust, vacuums and street sweepers 

have also been employed for collection.56 Most studies use offline sampling techniques because 

they are less costly and simpler to operate; however, offline sampling techniques come with 

several caveats; for example, the temporal data collected during offline analysis is weakly 

resolved. In addition, semi-volatile components of dust,87 may partition to the gas phase prior 

to characterization. 

1.2.1.1 Bulk elemental analysis 

Bulk elemental analysis is the most common approach for the chemical characterization 

atmospheric dust and includes analysis by inductively coupled plasma mass spectrometry (ICP-

MS),59,88–90 inductively coupled plasma atomic emission spectroscopy (ICP-AES),91–93 and 

atomic absorption spectroscopy (AAS),94 all of which require acid digestion (e.g., HNO3, HF, 
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or HCl) for metal dissolution prior to analysis.82 In ICP-MS, a plasma is used to atomize/ionize 

the sample and individual ions are detected by a mass spectrometer based on their mass to 

charge ratio; whereas, in ICP-AES, the sample is atomized/excited by a plasma and the emitted 

characteristic electromagnetic radiation of an excited state atom is detected by an optical 

spectrometer.95 In contrast, AAS uses a flame/graphite furnace to atomize the sample and the 

characteristic wavelengths absorbed from a set of hollow cathode lamps is detected by an 

optical spectrometer; however, compared to ICP-OES/ICP-MS, AAS has a slower analysis time 

because it is a single element technique.95 Since ICP-MS, ICP-OES, and AAS are sample 

destructive, they do not provide insight on elemental speciation; however, they can detect 

elements at trace levels (ppb and sub-pbb levels). Together, these methods have been 

successfully used to determine elemental abundances of mineral dust90,92 and volcanic dust89,91 

(e.g., Si, Al, Ca, K, Na, Mg, Fe, K, and P), as well as heavy metals in road dust74,88,93 and industrial 

dust59,88 (e.g., Ba, Cu, Zn, Pb, Sb, Ni, V, Cd).  

Non-destructive bulk elemental analysis for dust is typically performed by X-ray 

spectroscopy,82 with the most common technique being X-ray fluorescence (XRF).27,65,96,97 In 

this technique, a dust sample is excited by an incident X-ray beam and the emitted 

characteristic fluorescent wavelengths from individual atoms are dispersed by wavelength 

[wavelength dispersive X-ray fluorescence (WDXRF)] or by energy [energy dispersive X-ray 

fluorescence (EDXRF)] and detected.98 Despite the ability of XRF to sample within a given 

area, it is still considered a bulk analysis technique because the incident X-ray beams are large 

(µm to mm range) and able to represent the chemical composition of an entire dust sample.99 

Other non-destructive techniques, including particle induced X-ray emission (PIXE)100–103 and 

instrumental neutron activation analysis (INAA)102,104 have also been used for bulk elemental 

analysis of dust. In contrast to XRF, PIXE uses a proton beam to excite the sample;98 whereas 

in INAA, radioactive isotopes of elements within the sample are formed from the 

bombardment of an incident neutron beam and their subsequent radioactive emissions are 

measured.105 Compared to PIXE and INAA, XRF offers the greatest sampling depth, as X-rays 
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penetrate deeper (µm to mm range) than electron, proton, and neutron beams.98 Finally, since 

the emitted X-rays from lighter elements have longer wavelengths, they can be easily absorbed 

by the sample; as a result, XRF and PIXE are not suitable for the detection of lighter elements 

(atomic number <11).98  

1.2.1.2 Spot-selected elemental analysis 

X-ray spectroscopy is also used for instances of individual particle analysis or elemental 

speciation of dust particles; 45,106,107 however, it is often coupled to electron microscopy to spot-

select regions for chemical characterization. Electron microscopy involves bombardment of a 

sample by a high energy electron beam, which produces electron images through the detection 

of transmitted electrons [transmission electron microscopy (TEM)] or reflected/secondary 

electrons [scanning electron microscopy (SEM)].108 While both imaging techniques provide 

information on particle size and morphology (Figure 1.2),109 SEM and TEM images offer greater 

surface details and inner structural details, respectively.108 Like XRF, SEM and TEM are 

commonly coupled to energy dispersive spectrometers (EDS) to detect X-ray emissions.98 

Electron microprobe analysis (EMPA) uses a similar operating principle as SEM-EDS; 

however, it provides more quantitative elemental analysis because emitted X-rays are detected 

by a wavelength dispersive spectrometer (WDS), which has a greater wavelength resolution.98 

In contrast to XRF, these techniques use a narrow electron beam for surface excitation,98 which 

makes them capable of spot-selected elemental analysis within individual particles.106,107,109 

However, since many components of dust are non-conducting, surface charging can be a 

problem during imaging, which usually requires samples to be coated with a conductive film 

(e.g., carbon, gold, etc.).45,106  

The greatest advantage of spot-selected elemental analysis is that it can be used to predict the 

elemental speciation in dust samples based on elemental abundance ratios. For example, as I 

outline in Chapter 3 of this thesis, EMPA has been used to show that Ti in Icelandic volcanic 

dust is mainly found in the glass fraction.110 In addition, elemental abundance ratios have been 

used for putative qualitative and semi-quantitative mineralogical identification in natural 
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dusts.45,106,107,111,112 Finally, spot-selected techniques have also been used to look for chemical 

tracers to differentiate between tire, brake, and road wear related components in road dust 

particles.86 

 

Figure 1.2: SEM-EDS analysis of mineral dust particles sampled from Potenza, Italy: a) an 
agglomerate kaolinite particles and b) a rounded quartz particle. Image reprinted from Atmos. 
Res. 102, (1-2), Caggiano et al. PM2.5 measurements in a Mediterranean site: Two typical cases. 
157–166, 2011,112 with permission from Elsevier. 
 
 
1.2.1.3 Surface elemental analysis 

Since many dust properties, including heterogeneous chemistry and cloud condensation nuclei 

(CCN) efficiency are governed by the chemical composition of the particle surface,113 some 

studies have used X-ray photoelectron spectroscopy (XPS) for elemental surface 

analysis.91,110,114–116 In this technique, an incident X-ray beam is focused onto a dust substrate 

and the number and kinetic energy of generated photoelectrons is measured to determine both 

the elemental abundances at the surface (1-100 nm) and the binding energy of electrons.117 

These binding energies can be used to predict the chemical speciation of atoms in dust; for 
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example, the carbon binding energy for industrial dust from an open pit mining area in 

northern Colombia has been shown to be consistent with that of graphite.115 Furthermore, XPS 

has been used to identify the chemical speciation of Hg, a harmful neurotoxin,118 in 

anthropogenic dusts to better understand its binding affinity towards individual components 

of dust.116,119  

1.2.1.4 Mineralogical analysis by X-ray diffraction 

Qualitative mineralogical analysis is achieved using X-ray diffraction (XRD), which involves 

the illumination of a dust sample by an incident X-ray and detection of the diffracted X-rays.120 

The obtained diffractograms contain unique X-ray signatures for individual mineral phases, 

which can be fit to geological standards from mineralogical databases.106 XRD has been 

successfully applied to determine the mineral phases in mineral dust,84 volcanic dust,49 and 

road dust.121 In addition, XRD has been used to track mineralogical changes in mineral dust 

during atmospheric transport37 and identify dust source regions.49 Finally, XRD is not only 

limited to mineralogical analysis of dust; for example, this technique has been used to identify 

5-(4-methoxyphenyl)tetrazole, a crystalline organic material in ground brake pad material.122  

Although more challenging, quantitative mineralogical analysis can be achieved by XRD using 

Rietveld refinement, which fits the entire diffractogram to multiple phases.123 This has recently 

been demonstrated by Nowak and coworkers, who used Rietveld refinement to quantify the 

clay, quartz, calcite, dolomite, and microcline mineral mass fractions in Niger and Tunisian 

dust samples.124 Furthermore, Rietveld refinement has also been used to identify mineralogical 

impurities in natural Ti-containing minerals relevant to mineral dust.106 

1.2.1.5 Biological, ionic, and organic/elemental carbon analysis 

It is well established that mineral dust serves as an important transport vector for biological 

agents (e.g., bacteria, viruses, and fungi) in the atmosphere.125–127 Not only are these biological 

agents a human health concern,128 but they can also significantly increase the ice nucleation 

(IN) efficiency of mineral dust particles, thereby influencing the formation of clouds.129  
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Typically, biological materials in airborne dust are characterized using gel electrophoresis,130 

fluorescence,126 DNA sequencing,131 and staining127,131 techniques. Furthermore, morphological 

features of dust particles provided by microscopy (e.g., SEM-EDS) can be used to identify 

biological material in mineral dust.132 

Atmospheric dust can also contain water-soluble inorganic (e.g., Cl–, Br–, NO3–, SO42–, PO43–, 

Na+, Mg2+, NH4+) and organic (e.g., formate, acetate, oxalate) salts.102,133,134 Although some of 

these ions can be measured directly in dust by Fourier transform infrared spectroscopy 

(FTIR),135 they are often extracted from dust using water and analyzed by ion chromatography 

(IC),102,133,134 which separates molecules based on their ionic interactions with an ion-exchange 

resin.95 In addition, as I will show Chapter 4, IC analysis has been used to quantify significant 

amounts of chloride content in Edmonton road dust leachate induced by winter road salting.136 

Furthermore, inorganic and organic ions have been measured by IC in collected samples 

during Saharan102,133 and southern Asian dust events,137 as well as in fugitive dust from the 

Athabasca oil sands region.59 However, one major limitation of this technique is that the degree 

of leaching depends highly on the extraction method used,138 which may underestimate the 

soluble ion content of a given dust sample.  

Additional organic analysis techniques for dust include thermal desorption gas 

chromatography mass spectrometry (TD-GC/MS), which is used to measure the semi-volatile 

organic components of dust.59,87 For example, Wang and colleagues used TD-GC/MS to identify 

PAHs, n-alkanes, branched alkanes, and cyclic alkanes in fugitive dust from the Athabasca oil 

sands region.59 In addition, fluorescence has been used to measure humic-like substances in 

road dust.139 Furthermore, other  spectroscopic techniques, including FTIR and Raman have 

also been employed to detect organics in mineral dust.140  Finally, total mass fractions of organic 

carbon and elemental carbon in natural and anthropogenic dusts have been determined using 

dry combustion,136 thermogravimetric,122,141 and loss-on-ignition142 techniques. 
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1.2.2 Online Measurements 

Studies that require high temporal and spatial resolution turn to online instrumentation for 

the chemical characterization of atmospheric dust. Although online measurements are most 

used in field studies,143–148 laboratory studies of dust heterogeneous chemistry have also coupled 

online measurement techniques to atmospheric reaction chambers and flow tubes to monitor 

changes in the chemical composition of dust particles over time.149–151      

1.2.2.1 Bulk analysis 

Aerosol mass spectrometry (AMS) is the most common online bulk analysis technique, which  

uses thermal evaporation to vaporize components of dust PM that are then measured by mass 

spectrometry.152 In addition, these instruments contain an a time-of-flight region upstream of 

the heated impactor, which is used to estimate the size of individual particles. Despite the 

inability of AMS to detect refractory (non-vaporizable at 600°C; e.g., minerals, soot, sea salt) 

components of dust, it is useful for measuring non-refractory components (vaporizable at 

600°C; e.g., organics, nitrates, and sulfates).152 For example, AMS has been used to measure 

organic149 and sulfate150 mass fractions of laboratory generated internally mixed mineral dust 

particles to explore the role of these species on the IN efficiency of mineral dust. Finally, it is 

worth noting that AMS uses electron impact, a hard ionization technique that leads to 

significant molecular fragmentation, which greatly prevents the identification of parent 

organic molecules.152  

1.2.2.2 Single-particle analysis 

Over the last two decades, advancements in mass spectrometry have resulted in increased 

usage of single-particle mass spectrometry (SPMS) for individual dust analysis.143–148,151 These 

SPMS instruments include particle analysis by laser mass spectrometry (PALMS)153 and aerosol 

time of flight mass spectrometry (ATOFMS).154 Unlike other dust characterization techniques, 

SPMS instruments use lasers to ablate and ionize both refractory and non-refractory 

components, which are then measured in positive and negative ion mode using a time of flight 

mass spectrometer.153,154 As a result, SPMS is very advantageous for determining the internal 
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mixing state of individual dust particles.145,151 However, the identified individual components 

are in their fragmented form because laser ionization leads to molecular fragmentation.153,154  

Similar to AMS, ATOFMS determines particle size using aerosol time of flight,154 whereas 

particle size in PALMS is measured by light scattering.153 The identification of individual, size-

resolved dust particles are based on chemical signatures provided by single-particle mass 

spectra and can include Al+, Si+, K+, Fe+, Ca+, Ba+, Rb+, and Li+ for mineral dust,143 Pb+ and Fe+ 

for industrial dust,146 Fe+ FeO2–, Ba+, and BaO– for brake wear,147 and unique mass to charge 

ratios for organic material (e.g., m/z 41, 43, and 69) in tire dust.148   

1.3 Evidence for dust–pollutant interactions observed in the field 

In the mid 1990s, Dentener and colleagues used a global three-dimensional model to propose 

that mineral dust heterogeneous chemistry has the potential to influence the gaseous 

composition of the troposphere.155 Since the time of this study, fluctuations in pollutant gas 

mixing ratios during major dust events have been observed in the field,9,156–160 as well as changes 

in the chemical composition of dust itself.145,161 These dust–pollutant interactions result in 

formation of internally mixed mineral dust particles, which can have different optical,162 

CCN163/IN,149 reactive,164,165 and toxicological166 properties than the parent material.  

1.3.1 Evidence for changes in tropospheric gas composition 

Numerous field studies have reported correlations between gas mixing ratios and dust 

loadings;9,156–160 for example, reductions in HNO3 mixing ratios during major mineral dust 

events have been observed near the Canary Islands156,158 and in the northeast Pacific.157 

Furthermore, de Reus and coworkers observed reductions in ozone mixing ratios of up to 40% 

during mineral dust episodes near the Canary Islands, which they attributed to both dust 

scavenging of HNO3 (a precursor for ozone) and ozone.156 Similarly, ozone depletion has also 

been observed during dust events in northern China.9 Finally, dust events can suppress 

photochemical oxidant cycles by reducing the transmission of sunlight to Earth’s surface.167,168 
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For example, Li et al. observed reductions in the photochemical production of ozone by 5–20% 

and OH radicals by ~9% during dust episodes in Mexico City.168 

Only recently have researchers started to consider the implications of anthropogenic dust–

pollutant interactions on the troposphere.96,169,170 Although most of these studies have been 

conducted in laboratory settings,96,170 McNamara and colleagues attributed 80–100% of ClNO2, 

an important precursor gas for the reactive chlorine atom,171 to N2O5 uptake by road salts in 

Ann Arbor, Michigan.169 Finally, elevated levels of ClNO2 during early spring in Calgary, 

Alberta have also been attributed to reactive N2O5 uptake by road salts.172,173  

1.3.2 Evidence for changes in dust composition 

Dust–pollutant interactions can lead to the formation of internally mixed particles, often 

referred to as “atmospherically aged” or “atmospherically processed” dust. Changes in dust 

composition have been observed in several field studies;10,114,169 for example, Goel and 

coworkers observed the transformation of calcite to calcium chloride, calcium nitrate, and 

calcium sulfate in mineral dust analyzed after a dust storm in Delhi, India.114 Similarly, during 

the ACE-Asia campaign, Sullivan et al. observed high amounts of nitrates and sulfates on Ca-

rich and aluminosilicate-rich mineral dust, respectively.10 The formation of surface nitrates, 

sulfates, and chloride on mineral dust is thought to occur from mineral reactions with NOy 

(e.g., NO2,174,175 HNO3,175 and N2O5176), SO2,174,177 and HCl,178 respectively. Sulfate and nitrate 

enrichment from atmospheric processing has also been observed in aged road salt, as well as 

chloride depletion, which was attributed to ClNO2 release during N2O5 uptake by road salt.169  

Aged dust can also be internally mixed with organics;64,87,144,179–181 for example, during the 

Atlanta SuperSite Project, Lee and colleagues identified the presence of organic material in 

individual mineral dust particles using PALMS (Figure 1.3).144 Furthermore, Falkovich and 

colleagues used TD-GC/MS to identify PAHs, pesticides, and biocides in mineral dust 

transported from the Sahara Desert to Tel Aviv, Israel.87 In addition, these authors used SEM-

EDS analysis to determine that the organics in these internal dust mixtures take on the form 
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of coatings. Finally, organic acids, including formate180,181 and acetate180 have been found to be 

internally mixed with mineral dust, which is likely a result of mineral reactions with acetic 

and formic acid, respectively.182  

Changes in dust composition are not only limited to its reaction with pollutant gases but also 

from internal mixing with other PM classes; for example, mixed sea salt and mineral dust 

particles have been observed in the marine boundary layer off the east coast of Asia during 

Taklimakan and Gobi desert dust events.183 In addition, Paris and coworkers found that Fe 

speciation in biomass burning particles in Niamey, Niger, was of mineral dust origin,134 , which 

suggests internal mixing between dust and biomass burning PM. Similarly, internal mixing of 

biomass burning PM and sea salt with mineral dust has been observed during transatlantic 

transport of Saharan dust.184 Finally, Smith and coworkers observed higher than background 

levels of microbial mass in PM during transpacific dust plume events in Oregon, United States, 

which suggests that internal mixing between dust and biological agents persists during long-

range transport.185   

 

Figure 1.3: A mass spectrum of an individual mineral dust particle sampled by the PALMS in 
negative ion mode during the Atlanta SuperSite Project. Al and Si-containing chemical 
signatures indicate the mineral components of the particle whereas carbon-containing 
signatures signify the presence of organic material (image and caption adapted from Lee et 
al.).144 
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1.4 Laboratory dust heterogeneous chemistry studies  

1.4.1 Determination of pollutant gas uptake by dust substrates 

To quantify the reactivity of dust PM towards a pollutant gas, atmospheric scientists use an 

uptake coefficient (𝛾), which is defined as the number of gas molecules taken up by a surface 

divided by the total number of gas molecule collisions with the surface.113 The uptake of a 

pollutant gas by a given dust substrate can involve both reactive (via chemical transformation) 

and non-reactive (via adsorption) processes at the dust surface.7 Although uptake coefficients 

do not provide any mechanistic details regarding these reactive and non-reactive processes, 

they can be incorporated into atmospheric models to estimate the quantitative impacts of dust–

pollutant interactions on the chemical composition of the surrounding atmosphere.186 

1.4.1.1 Initial and steady-state uptake coefficients 

Often, the uptake of a pollutant gas by a dust substrate is time-dependent due to surface 

deactivation with increasing pollutant exposure time.106,187–189 For example, as shown in Figure 

1.4, ozone uptake by Gobi Desert dust is greatest during its initial exposure and slowly 

decreases over time until a plateau mixing ratio is reached (i.e., steady-state).187 As a result of 

this time dependent uptake, uptake coefficients are reported as either initial uptake (𝛾") or 

steady-state uptake (𝛾(().7 Initial uptake coefficients are generally calculated seconds after a 

pollutant exposure to a dust substrate and include contributions from both reactive and non-

reactive processes;189–191 whereas the steady-state uptake coefficient captures the reactivity of 

dust over longer time periods and reflects only sustained uptake by reactive, regenerative 

surface sites.106,188,189,192  
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Figure 1.4: a) Reaction profile of ozone with Gobi Desert dust as a function of time. [𝑂!]" 
indicates the initial ozone mixing ratio in the absence of dust; and b) the total number of ozone 
molecules taken up by the dust surface as a function of exposure time (image and caption 
adapted from Wang et al.).187 
 

1.4.2 Experimental techniques 

Although the use of initial and steady-state uptake coefficients can be used to capture the 

heterogeneous reactivity of dust over time, these values can vary depending on the 

experimental technique used to study dust–pollutant interactions. For example, uptake differs 

with temperature, pressure, and relative humidity (RH),7 which are often sensitive to the 

specific technique.193 Together, this makes it difficult to use representative uptake coefficients 

in atmospheric models. A list of reported uptake coefficients from mineral dust–pollutant 

interaction studies have been summarized in a 2010 Gas Kinetic Data Evaluation for 

Atmospheric Chemistry by the IUPAC Task Group,194 which is continuously updated on an 

online database (https://iupac-aeris.ipsl.fr/). In the following section, the determination of 

these uptake coefficients for each laboratory technique will be discussed.  

1.4.2.1 Knudsen cells 

In the early 1970s, Golden and colleagues used a Knudsen cell to investigate the rate of surface 

reactions for the first time.195 Shortly after, Knudsen cells gained wide-spread popularity for 

dust heterogeneous chemistry studies.97,189,196,197 In this technique, a dust substrate is placed in 

a sample holder, which contains an isolation plate to control the exposure of a pollutant gas of 

interest diluted in a carrier gas (e.g., nitrogen, zero air)  to a dust sample.189 The sample holder 
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is also connected to an exit orifice, which is connected to a mass spectrometer for the 

measurement of the pollutant mixing ratio prior to and during exposure to dust (Figure 1.5). 

 

 

Figure 1.5: A schematic of a Knudsen cell used by Hanisch and Crowley to investigate ozone 
uptake by Cape Verde depositional dust from the Sahara Desert. Here, ozone is generated by a 
commercial ozone generator and stored on silica gel prior to being carried by a gas flow to the 
sample holder and detected by mass spectrometry (image adapted with permission from Dr. 
John N. Crowley).189 
 
 
Knudsen cells operate under extremely low pressures (< 10 mTorr), so that the mean free path 

of the gas molecules is greater than the dimensions of the sample holder.193 This results in a 

molecular flow regime, in which gas molecule collisions with the surface outnumber collisions 

in the gas-phase; as a result, the effusion of a pollutant gas is only driven by its heterogeneous 

reaction with the sample or its escape through the exit orifice. The uptake coefficient for 

Knudsen cell studies is determined as follows:193 

 

𝛾)** =	
𝐴+
𝐴(
	+
𝑁" − 𝑁,
𝑁,

. 

 

Here, 𝛾)** is the effective uptake (i.e., observed uptake), 𝐴+ and 𝐴( are the geometric surface 

area of the exit orifice and dust, respectively, and 𝑁" and 𝑁, are the measured mass spectral 

signals when the sampled holder is closed and open, respectively. In this calculation, the 

(1.1) 
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uptake is scaled to the geometric surface area of the dust which neglects its porosity; as a result, 

obtained effective uptake coefficient values are often scaled to the total surface area, which is 

determined using the Brunauer–Emmett–Teller (BET) specific surface area and dust sample 

mass (𝛾-./).189,198  

Knudsen cells have been successfully used to investigate the uptake of ozone177,189,196 and N2O5199 

by mineral dust; however, most Knudsen cell studies have been conducted on single-

component mineral dust proxies.196,200,201 In addition, Styler and coworkers developed the first 

photochemical Knudsen cell reactor,198 which has been used to investigate the photochemical 

transformations of organic gases on mineral dust97 and mineral dust proxies.198 However, 

because of the low operating pressures required for Knudsen cell studies, gas uptake is 

measured in the absence of water vapour, which may bias reactivity parameters with respect 

to those obtained under ambient conditions.  

1.4.2.2 Coated-wall flow tubes 

In coated-wall flow tube experiments, a dust substrate is coated on the inner surface of a glass 

insert tube, which is housed in a horizontal reactor with an inlet and outlet for gas flow (Figure 

1.6).202 A movable injector is used to introduce the pollutant gas into the flow tube system, 

while also controlling the exposure time of the dust-coated tube to the pollutant gas. In 

addition, coated-wall flow tubes can be equipped with lights to investigate the photoreactivity 

of a dust substrate.106,192 Unlike Knudsen cells, coated-wall flow tubes can operate at 

atmospheric pressure, which allows for investigations of gas uptake as a function of RH; 

however, for heterogeneous reactions that proceed quickly, coated-wall flow tubes have been 

operated under vacuum to reduce gas-phase diffusion limitations.203  
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Figure 1.6: A schematic of a coated-wall flow tube used to investigate the uptake of ozone by 
commercial clays, kaolinite and montmorillonite. Here, ozone is introduced into the system 
via a movable injector and the difference in ozone mixing ratio is measured by a commercial 
ozone analyzer in both the absence (with the movable injector fully pushed in) and presence 
(with the movable injector retracted) of the dust-coated tube. Image (adapted) with permission 
from Lasne et al. Ozone Uptake by Clay Dusts under Environmental Conditions. ACS Earth & 
Space Chem. 2018, 2, (9), 904–914.202 Copyright 2018 American Chemical Society. 

 

The removal rate of a pollutant gas by dust is generally assumed to proceed via a pseudo-first-

order reaction. The pseudo-first-order rate constant (𝑘$0()	for the removal of a pollutant, 𝑋, 

from the gas phase to the condensed phase is calculated using the following equation: 

 

𝑘$0( =	
ln +[𝑋],[𝑋]"

.

−𝑡  

 

Here, [𝑋], is the mixing ratio of pollutant 𝑋 in the presence of dust, [𝑋]" is the initial mixing 

ratio of pollutant 𝑋 in the absence of dust, and 𝑡 is the interaction time of pollutant 𝑋 with 

dust. In coated-wall flow tube studies, 𝑘$0( is used to determine an effective uptake coefficient, 

which is scaled to the geometric surface area of the coated section of the tube. This uptake 

coefficient is calculated as follows:193 

 

𝛾)** =
𝑘$0(𝐷,10)
< 𝑐 >  

 

(1.3) 

(1.2) 
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Here, 𝑘$0( is the pseudo-first-order rate constant for the loss of a pollutant gas of interest, 𝐷,10) 

is the internal diameter of the Pyrex insert tube, < 𝑐 > is the mean molecular speed of the 

pollutant gas of interest. In many dust–pollutant laboratory studies, 𝑘$0( decreases with 

increasing pollutant mixing ratio, which implies a Langmuir–Hinshelwood reaction 

mechanism that results in saturation of surface sites at higher pollutant mixing ratios.106,187,192 

For example, Langmuir–Hinshelwood reaction mechanisms have been proposed for ozone 

uptake by both road dust136 and mineral dusts.187,192 In addition, this mechanism has been 

suggested for NO2 uptake by Saharan dust188,192 and volatile organic compounds (VOCs) uptake 

by Gobi Desert dust.204–206 

In coated-wall flow tube studies, if the uptake of a pollutant is large, then the pollutant mixing 

ratio near the dust surface becomes depleted and may not be replenished quickly enough via 

diffusive processes, which can result in an underestimation in the measured uptake coefficient. 

To correct for these diffusion limitations, both the Cooney–Kim–Davis (CKD)207 and Knopf–

Pöschl–Shiraiwa (KPS)208 methods have been used. In addition, similar to Knudsen cells, the 

calculation shown above assumes the geometric surface area of the dust; therefore, uptake 

coefficients are often scaled to their total (BET) surface area using the following equation:106 

𝛾-./ = 𝛾)** ×
𝑆2)$

𝑆-./ ×𝑚
 

 

Here, 𝑆2)$ is the geometric surface area of the dust-coated section of the tube, 𝑆-./ is the BET 

specific surface area of the dust, and 𝑚 is the dust mass.  

Coated-wall flow tubes have been used to investigate the photochemical uptake of ozone106 by 

NO2188,192 by mineral dusts, as well as the uptake of SO2 by mineral dusts.89,191 In addition, I 

present the first investigation of road dust heterogeneous chemistry with ozone using a coated-

wall flow tube apparatus in Chapter 4 of this thesis.136 

(1.4) 
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1.4.2.3 Aerosol flow tubes 

Aerosol flow tubes offer the most realistic conditions for atmospheric dust–pollutant 

interactions, as gas uptake is measured with suspended dust particles.193 Aerosol flow tubes are 

equipped with a movable injector, which can be used for the introduction of a pollutant gas or 

dust aerosol (Figure 1.7). A variety of techniques have been used for the generation of dust 

aerosol, including rotating brush generators,209 magnetic stirrers,210,211 fluidized bed reactors,212 

and nebulizers.213 The dust particle size distribution, along with the pollutant mixing ratio, are 

measured at the exit of the flow tube.   

 

Figure 1.7: A schematic of an aerosol flow tube used to study the photoenhanced uptake of 
NO2 by Arizona Test Dust (ATD). Particle size and number are measured by a scanning 
mobility particle sizer (SMPS) and NO2 mixing ratio is measured by a NOx analyzer.  
Image reprinted from Aeolian. Res. 15, Dupart et al. Heterogeneous uptake of NO2 on Arizona 
Test Dust under UV-A irradiation: An aerosol flow tube study. 45–51, 2014,210 with permission 
from Elsevier. 

 

The following equation is used to calculate the uptake coefficient for aerosol flow tube 

studies:193 

𝛾 =
4𝑘(

< 𝑐 > 𝑆3
 (1.5) 
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Here, 𝑘( is the pseudo-first-order rate constant for loss of a pollutant gas, corrected for gas wall 

losses, < 𝑐 > is the mean molecular speed of the pollutant gas of interest, and 𝑆3 is the aerosol 

surface area per unit volume of gas determined using a particle sizing instrument.   

Aerosol flow tubes offer several advantages over Knudsen cells and coated-wall flow tubes. For 

example, they can operate at atmospherically relevant pressures but unlike coated-wall flow 

tubes, they do not require radial diffusion corrections since dust is carried in the gas flow. In 

addition, particle size and number can be measured in real-time using particle sizers, including 

SMPS210,211 and aerodynamic particle sizers (APS),176,209,211 which provide more accurate 

estimates for total particle surface area compared to offline BET analysis. Furthermore, aerosol 

flow tubes can be used in tandem with online particle characterization equipment, including 

ATOFMS214 and continuous flow diffusion chambers212 to monitor the compositional and IN 

efficiency changes of dust, respectively, as a result of pollutant uptake. 

1.4.2.4 Atmospheric simulation chambers 

Similar to aerosol flow tubes, atmospheric simulation chambers (Figure 1.8) also measure 

pollutant gas uptake in the presence of suspended dust particles; however, compared to aerosol 

flow tubes, the residence time of both the pollutant gas and dust PM is longer in simulation 

chambers, which allow dust–pollutant interactions to be measured over longer exposure 

times.215 In this technique, the experimental protocol typically proceeds as follows: first, the 

chamber is filled with a carrier gas until a desired pressure is reached; second, a pollutant gas 

of interest is introduced into the chamber and adjusted to its desired mixing ratio; and third, 

the pollutant inlet is closed and dust is pumped into the chamber.  

Uptake coefficients for aerosol simulation chambers are determined using the same equation 

for aerosol flow tubes and similarly require corrections for gas-phase wall loss.215 Finally, to 

date, dust heterogeneous chemistry studies have solely used mineral dust proxies in aerosol 

simulation chambers215–217,217 because authentic dust particles are larger in size, and require 

generation of much higher dust mass loadings to observe pollutant uptake, which can be 

difficult to achieve.  
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Figure 1.8: A schematic of a 151 L environmental aerosol reaction chamber used to investigate 
N2O5 uptake on kaolinite, montmorillonite, hematite, calcite, and quartz mineral dust proxies. 
Image reprinted from Atmos. Environ. 40, (38), Mogili et al. N2O5 Hydrolysis on the 
Components of Mineral Dust and Sea Salt Aerosol: Comparison Study in an Environmental 
Aerosol Reaction Chamber. 7401–7408, 2006,215 with permission from Elsevier. 

 

1.4.2.5 Spectroscopic techniques 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) is a surface analysis 

technique that has been used to investigate the uptake of VOCs,218 N2O5,199 HNO3/NO2,219 and 

ozone220 by mineral dust and mineral dust proxies. In this technique, an incident infrared beam 

is directed towards a sample holder containing a dust substrate, and the reflected infrared 

beams from the surface and inner layers of the dust sample are measured during exposure to a 

pollutant gas (Figure 1.9).218 This enables the detection and quantification of IR-active surface 

adsorbed pollutants formed during heterogeneous uptake. 

The obtained DRIFTS spectra are dependent on dust particle size, dust packing density in the 

sample holder, and refractive index, which varies from sample to sample;221 as a result, there is 

no linear correlation between infrared band intensity and concentration in DRIFTS. However, 

quantitative analysis is possible via the application of the Kubelka–Munk equation, which 
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converts the diffuse reflectance to the transmittance of the surface absorbing species.222 From 

here, an uptake coefficient can be calculated as follows:219 

 

𝛾 = 	
𝑑[𝑃]
𝑑𝑡	𝑍  

 
 
Here, [P] is the concentration of the IR-active surface adsorbed product measured by DRIFTS 

and Z is the total number of reactive surface collisions. 

 

Figure 1.9: A schematic of a DRIFTS set-up used to investigate the uptake of limonene and 
toluene by Saharan dust and consequent reaction products. The adsorbed-phase and gas-phase 
species were measured using infrared spectroscopy and selected-ion flow-tube mass 
spectrometry (SIFT–MS), respectively. Image (adapted) with permission from Romanías et al.  
Investigating the Heterogeneous Interaction of VOCs with Natural Atmospheric Particles: 
Adsorption of Limonene and Toluene on Saharan Mineral Dusts. J. Phys. Chem A 2016, 120, 
(8), 1197–1212.218 Copyright 2016 American Chemical Society. 
 

(1.6) 
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The greatest advantage of DRIFTS is that it can be used to make inferences on chemical 

reaction mechanisms during pollutant gas uptake by identifying surface products formed in 

real-time. For example, Börensen and colleagues used DRIFTS to measure the uptake of HNO3 

and NO2 by Al2O3, a mineral dust proxy, as well as detect the formation of surface-sorbed 

nitrate.219 Finally, Romanías et al. used DRIFTS to compare the reversible (weakly bound) and 

irreversible (strongly bound) adsorption of VOCs by mineral dust samples collected from 

different regions in the Sahara Desert.218  

1.4.3 Limitations, considerations, and challenges of laboratory studies 

1.4.3.1 Influence of relative humidity 

Like pollutant gases, water vapor can also be taken up at the surface of dust.223 For example, 

studies of water adsorption by mineral dust proxies (i.e., metal oxides) have shown that water 

dissociates at the particle surface at low RH (< 1%), which results in the formation of surface 

hydroxyl groups.224,225 These hydroxyl groups can act as hydrogen bonding sites for the 

subsequent non-dissociative uptake of water. However, under ambient RH conditions it is 

assumed that the dust surface is fully hydroxylated and that the uptake of water by mineral 

dust proxies proceeds by non-reactive mechanisms.223 In fact, Joshi and coworkers used 

DRIFTS to show that monolayer water coverage at the surface of mineral dusts occurs between 

15–25% RH (assuming even surface coverage), with multilayer coverage formed at higher 

RH.226 

The presence of water at the dust surface can influence dust–pollutant interactions;7,8 as a 

result, dust heterogeneous chemistry laboratory studies often investigate pollutant uptake as a 

function of RH. For example, N2O5 uptake by mineral dust and mineral dust proxies is mediated 

by its hydrolysis at the particle surface,199,215 which leads to the formation of surface nitrates 

and release of gas-phase HNO3.215 For this reason, N2O5 uptake by mineral dust is found to 

increase with increasing relative humidity.209 Furthermore, although NO2 uptake by mineral 

dust proxies decreases with increasing RH,227,228 the gas-phase HONO product yield is found to 

increase under elevated RH, as its formation requires surface sorbed water.228 Finally, ozone 



CHAPTER 1.     INTRODUCTION 

 

29 

uptake by mineral dust110,190 and mineral dust proxies106,202,216 generally decreases with 

increasing RH due to the competitive adsorption between water vapor and ozone.  

Although water uptake by anthropogenic dusts has not yet been explored, similar to mineral 

dust, the metal oxides in the crustal fraction of road dust are likely hydroxylated and may also 

participate in hydrogen bonding with water.223 However, as I will show in Chapter 4, unlike 

mineral dust and mineral dust proxies,190,216 ozone uptake by road dust increases with 

increasing RH.136 Instead, the observed RH trend is similar to that of ozone uptake by humic 

acid films,229 which suggests that the organic fraction of road dust may be responsible for its 

reactivity with ozone at higher RH. 

1.4.3.2 Available surface area assumptions for pollutant gas uptake 

One of the greatest experimental challenges for dust heterogeneous chemistry studies is scaling 

the measured uptake coefficients to appropriate dust particle surface areas.230 For example, in 

Knudsen cell and coated-wall flow tube studies both effective (scaled to the geometric surface 

area) and BET (scaled to the BET specific surface area and mass of the sample) uptake 

coefficients have been reported,7,8 which represent the upper and lower limits of dust 

reactivity, respectively. Furthermore, in coated-wall flow tube studies, the BET specific surface 

area, which is typically measured via nitrogen adsorption from a powdered dust sample,106 may 

not be representative of the specific surface area of the dust when present as a coating. For 

example, the preparation of dust-coated tubes involves the addition of water to form dust 

slurries, which are then dried to form coatings; however, the available surface area for gas 

uptake by these coatings may be overestimated by using the BET specific surface area, as the 

coating process may lead to particle agglomeration.165 In fact, Aubin and Abbatt performed in-

situ BET specific surface area analysis on soot-coated tubes231,232 and reported smaller values 

compared to those obtained by powdered soot samples.233 Furthermore, since BET specific 

surface area is determined under vacuum,234 the removal of surface-sorbed water and organics 

is possible, which could influence the measured surface area of the sample. Finally, BET 
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specific surface area determination via nitrogen adsorption may also underestimate the 

available surface area for uptake of larger pollutant gas molecules. 

For aerosol flow tubes and atmospheric simulation chambers, the surface area of mineral dust 

can be measured directly by particle sizing/counting instruments. For example, the mineral 

dust surface area has been estimated using optical particle counters (OPCs),235 which determine 

particle size based on light scattering. Although OPCs are useful for measuring coarser PM 

(e.g., mineral dust), these instruments are usually calibrated with polystyrene spheres, which 

have different refractive index to that of mineral dust. This difference can be corrected for by 

Mie theory, however, particle sphericity assumptions still result in surface area 

uncertainties.236 APS, which use time-of-flight to obtain particle size, have been employed for 

surface area determination of mineral dust in flow tube studies,209,237 which uses time-of-flight 

to obtain aerodynamic particle diameters. To correct for particle non-unity density and 

asphericity, aerodynamic diameters are converted to a Stokes equivalent diameter and a 

particle shape factor correction (𝜒) is applied.209 In addition, SMPS has been used in dust 

heterogeneous chemistry studies to measure the surface area of finer PM (e.g., mineral dust 

proxies).213,238,239 Although SMPS does not require optical or density corrections because 

particle size is detected using a differential mobility analyzer (DMA), a particle shape factor 

correction is still needed if particles are aspherical. Finally, since each individual dust particle 

is unique in morphology, the application of a particle shape factor correction may also lead to 

differences in the “measured” vs “true” sample surface area.  

1.5 Application of mineral dust proxies in laboratory studies 

1.5.1 Mineral dust proxies used in heterogeneous chemistry studies 

In an effort to understand the individual chemical drivers and reaction mechanisms of mineral 

dust heterogeneous chemistry, most studies to date have investigated dust interactions using 

commercially purchased, single-component mineral dust proxies.7,8 These commercial proxies 

include metal oxides (e.g., SiO2, Al2O3, Fe2O3, and TiO2, CaO, and MgO),175,196,200 calcite 
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(CaCO3),214,240 and clays (e.g., kaolinite, illite, and montmorillonite).202,241 For example, Michel 

et al. used a Knudsen cell to demonstrate that the initial uptake of ozone by mineral dust 

proxies increases in the following order: SiO2<Al2O3<Fe2O3,200 which also is also similar to its 

steady-state uptake.196 The uptake of ozone by metal oxides has been suggested to occur by its 

decomposition on Lewis acid sites at the surface of metal oxides, which results in the release 

of molecular oxygen.220,242 This mechanism has similarly been proposed to occur with 

commercial clays during ozone uptake.202 

In many cases, the interactions between mineral dust proxies and pollutant gases lead to the 

formation of surface-sorbed species.7,8 For example, Börensen and colleagues observed the 

formation of surface nitrates and nitrites on Al2O3 during NO2 uptake using DRIFTS, which 

they attributed to NO2 reaction with surface hydroxyl groups.219 These authors also 

demonstrated that in the presence of water, surface nitrates and nitrites lead to the formation 

of surface-sorbed HNO3  and gas-phase release of HONO. In addition, surface nitrate formation 

have been observed during reaction of NO2 with CaCO3.243 The formation of surface nitrates 

has also been demonstrated during HNO3 uptake by Al2O3219,244 and CaCO3.240 Finally, the 

production of other inorganic surface species, including chloride and sulfites, can occur from 

HCl and SO2 reaction with CaCO3, respectively.240  

The interactions between organic pollutants and mineral dust proxies have also been well 

documented.201,245–247 For example, Tang et al. demonstrated that acetic acid uptake by metal 

oxides results in molecularly adsorbed acetic acid and acetate under wet and dry conditions, 

respectively.245 Furthermore, adsorbed formaldehyde on Al2O3 surfaces from formaldehyde 

uptake can be oxidized by molecular oxygen to form dioxymethylene, which can undergo 

further oxidation to form surface formate.246 Lastly, Al-Hosney and coworkers demonstrated 

that heterogeneous uptake formic acid by CaCO3 leads to the formation of calcium formate, 

and under dry conditions (RH <1%), carbonic acid.201 Many of these reactions, as well as 

additional mineral dust proxy–pollutant gas interactions, have been summarized in several 

major reviews on mineral dust heterogeneous chemistry.7,8,194 
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1.5.2 Mineral dust proxies used in heterogeneous photochemistry studies 

Until recently, the heterogeneous photochemistry of dust was thought to be primarily driven 

by semi-conducting metal oxides, Fe2O3 and TiO2,248,249 which upon illumination at 

wavelengths equal to or greater than their band gap, lead to the formation of electron–hole 

pairs (e–/h+) (Figure 1.10).250 These e-/h+ pairs can participate in both oxidative and reductive 

reactions in dust–pollutant interactions; as a result, studies have predominantly employed the 

use of commercial TiO2 and Fe2O3 as photoactive proxies for mineral dust. For example, the 

photoenhanced uptake of ozone by TiO2 has been attributed to ozone reduction via e– and/or 

superoxide radicals formed by the reaction of molecular oxygen with e–.106,217,251 This 

mechanism has also been proposed for the photochemical uptake of ozone by Fe2O3.217 In 

addition, ozone can be reduced by OH radicals formed by h+ reaction with surface-sorbed 

water.106 Finally, the photoenhanced uptake of NO2 by TiO2 has also been attributed to both 

direct and indirect reactions of NO2 with photogenerated e–/h+ pairs.192 

The photochemical transformation of pollutants has also been demonstrated using mineral 

dust proxies. For example, Styler and colleagues observed the production of gas-phase acetone 

and propionaldehyde during the photoenhanced uptake of isopropanol and n-propanol, 

respectively, by TiO2.198 In addition, a recent study by Wang et al. demonstrated the 

photochemical transformation of surface nitrates to gas phase NOx during NO uptake by 

TiO2.252 Lastly, surface-sorbed sulfite formed during the heterogeneous uptake of SO2 by TiO2 

is oxidized to sulfate upon illumination.253 In summary, the use of semi-conducting metal 

oxides in heterogeneous chemistry studies have suggested that many dust–pollutant 

interactions can be promoted in the presence of light.  
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Figure 1.10: Schematic of the formation of e-/h+ at the surface of illuminated TiO2. Examples 
of pollutant species that can serve as e– and h+ acceptors are shown in (A) and (D), respectively. 
Image (adapted) with permission from Chen et al. Titanium Dioxide Photocatalysis in 
Atmospheric Chemistry. Chem Rev.  2012, 112, (11), 5919–5948.248 Copyright 2012 American 
Chemical Society. 
 
 
1.5.3 Limitations of using mineral dust proxies 

1.5.3.1 Importance of elemental speciation 

Although the use of single-component mineral dust proxies has provided insight into potential 

dust heterogeneous chemistry mechanisms and pathways, these proxies are not always 

reflective of ambient dust. For example, the use of commercially sourced metal oxides as a 

mineral dust substitute assumes that the metals in dust exist in their individual oxide form, 

which oversimplifies the chemical composition of mineral dust in several ways: first, metal 

oxides can exist as polymorphs (i.e., minerals with the same chemical formula but different 

crystalline structures);18 second, metals in dust can be present in other mineral forms besides 

their individual oxide phase;16,18,19 third, mineral phases in ambient dust may contain unique 

elemental impurities and different crystalline structure parameters16 compared to 

commercially synthesized materials; fourth, dust substrates which contain non-crustal 

material, including volcanic dust89,110 and anthropogenic dusts,59,61,139 cannot be accurately 

represented using traditional mineral dust proxies. Together, this makes it challenging to 

correlate the heterogeneous chemistry observed for mineral dust proxies to that of dust in the 

natural environment. 
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1.5.3.2 Considerations for atmospheric aging 

To date, mineral heterogeneous chemistry studies have primarily used fresh mineral dust and 

mineral dust proxy surfaces when determining uptake coefficients for pollutant gases; 

however, this approach neglects the chemical evolution of dust as it undergoes atmospheric 

aging.87,145,151 The implications of atmospheric aging on dust heterogeneous chemistry were first 

explored in the early 2000s by Usher and colleagues, who found that ozone uptake by Al2O3 

decreased by 70% when Al2O3 was processed by HNO3, which they attributed to the blockage 

of surface sites by adsorbed nitrate.197 In contrast, these authors also observed a 33% increase 

in ozone uptake after Al2O3 exposure to SO2, which they attributed to ozone oxidation of 

surface-sorbed sulfite. More recently, Lederer et al. demonstrated that the rate of formation of 

surface products during limonene uptake by mineral dust is 2–5× faster in presence of nitrate 

coatings.164 Finally, Coates Fuentes observed an increase in ozone uptake by up to two orders 

of magnitude when kaolinite was pretreated with limonene or 𝛼-pinene, which they 

attributed to ozone oxidation of alkene functional groups at the particle surface.165 Together, 

these studies have highlighted that atmospheric processing can influence the inherent 

reactivity of atmospheric dust and should be considered when conducting future studies on 

dust heterogeneous chemistry.  

1.6 Introduction to thesis work 

As discussed in the preceding sections, most studies of dust heterogenous chemistry have 

been conducted using commercially purchased, single-component mineral dust proxies or 

unprocessed mineral dust, which limits our ability to predict the climate, AQ, and health 

implications of atmospheric dust. The goal of this thesis is to improve our understanding of 

dust heterogeneous chemistry by exploring: 1) the photoreactivity of naturally sourced 

minerals, 2) the importance of elemental speciation in predicting dust reactivity, 3) the 

reactivity of pollutant gases with urban road dust and anti-icing road maintenance materials, 

and 4) the influence of atmospheric aging on mineral dust photochemistry. 
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Chapter 2 explores the photochemical uptake of ozone by a suite of naturally sourced Ti-

containing minerals using a coated-wall flow tube. In addition, this chapter provides 

comprehensive chemical characterization of each mineral as an attempt to understand its 

photoreactivity and address the following questions: 

• Is the photoreactivity of commercial TiO2 different than naturally sourced TiO2? 

• Does the photochemical uptake of ozone change with different TiO2 polymorphs? 

• Does the photochemical uptake of ozone change with the same mineral phase 

sampled from different geographical locations? 

Chapter 3 uses a coated-wall flow tube to report the photochemical uptake of ozone by Ti-

rich volcanic dust obtained from the Mýrdalssandur source region in southern Iceland. In 

this chapter, the elemental speciation of Ti is explored using EMPA to address the following 

questions: 

• Where does the elemental Ti reside in volcanic dusts? 

• Can the elemental speciation of Ti be used to predict the photoreactivity of mineral 

dust? 

Chapter 4 provides the first investigation of pollutant gas uptake by urban road dust and a 

commonly used anti-icing solution in high-latitude regions. Specifically, I explore the uptake 

of ozone by urban road dust and halogen activation during ozone uptake by anti-icer to 

address the following questions: 

• Can road dust participate in heterogeneous chemistry with ozone? 

• How does the reactivity of road dust compare to mineral dust? 

• Does the heterogenous uptake of ozone by anti-icer result in the release of gas-phase 

chlorine species? 

Chapter 5 reports the design and construction of a new custom-built photochemical aerosol 

flow tube reactor used to explore the AQ implications of atmospheric aging on dust 

photochemistry. In particular, this chapter includes preliminary experiments on the 
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influence of organic coatings on the photochemical uptake of ozone by TiO2 to address the 

following questions: 

• Do organic coatings influence the photochemical uptake of ozone by TiO2? 

• Does ozone uptake change with increasing coating thickness? 

Chapter 6 is the concluding chapter of this thesis, which highlights the importance of these 

results in an AQ context. In addition, this chapter discusses the future implications of climate 

change and human activities on natural and anthropogenic dust emissions, respectively, as 

well as the impacts of these emissions on dust heterogeneous chemistry. Finally, it provides 

recommendations for future studies in this field.  
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2.1 Introduction 

Although each cubic meter of air contains only microgram quantities of particulate matter,1 

these particles have an outsize influence on climate2 and human health.3 Mineral dust is one 

of the most abundant types of atmospheric particulate matter, with over a billion tons emitted 

into the atmosphere each year from remote arid regions in North Africa, East Asia, and 

Australia.4 Once aloft, dust can be transported to urban areas, where it can interact with locally 

emitted pollutants5 and thereby influence the composition of the urban atmosphere: for 

example, observed reductions in mixing ratios of ozone, an important component of urban 

smog,6 during periods of elevated dust loadings have been attributed to the scavenging of ozone 

and its precursor gases (e.g., HNO3).7 These interactions can also influence the properties of 

the dust itself: for example, the reaction of dust with pollutants can change its toxicity,8 optical 

properties,9 cloud condensation nuclei (CCN)10 and ice nuclei (IN)11 activity, and its ability to 

act as a depositional source of soluble iron to marine ecosystems.12 

Motivated by these diverse impacts, many laboratory studies have examined the kinetics and 

products of the reaction of mineral dust and mineral dust proxies with both inorganic13 and 

organic14,15 pollutant gases; in many cases, researchers have found these reactions to be 

enhanced by light.16 Because mineral dust contains Ti, which is a well-known semiconductor 

photocatalyst in its oxide form,17 the atmospheric chemistry community has extensively 

studied the TiO2-catalyzed photochemistry of many urban pollutants.18 

Although the use of TiO2 enables detailed mechanistic analysis that is challenging for natural 

dust, the composition of which is complex and variable, it is not without its weaknesses: for 

example, although the Ti content of mineral dust determined using elemental analysis is 

typically reported as TiO2, Ti is also a component of many other minerals detected in 

atmospheric dust.19,20 In addition, even in cases where mineralogical analysis has specifically 

identified TiO2 in dust samples,21 there is no guarantee that the reactivity of this TiO2 is 

identical across all natural samples or comparable to that of commercially sourced samples, 
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since the surface and band structures of TiO2 are influenced by many sample-specific 

properties, including crystal structure,22 degree of hydration,23 presence of dopants,24 and 

particle size.25 

To improve our understanding of natural mineral photochemistry, we investigated the uptake 

of ozone by 10 natural Ti-containing minerals, which we chose based on both their Ti content 

and their environmental abundance. We find that all of these minerals display photoenhanced 

uptake of ozone, that ozone uptake varies both between and within mineral phases, that ozone 

uptake does not increase linearly with elemental Ti content, and that commercial TiO2 is 

significantly more reactive toward ozone than all of the natural samples studied here. Further, 

we discuss these observations in the context of comprehensive characterization data, including 

particle size, morphology, crystallographic structure, band structure, and elemental impurity 

identification. This approach, which brings together both atmospheric and materials chemistry 

perspectives, will ultimately enable us to better predict the influence of dust−pollutant 

interactions on atmospheric composition. 

2.2 Materials and methods 

Experiments were conducted using a set of 10 natural Ti-containing minerals, which we 

sourced from www.minfind.com and purchased through contact with individual vendors. 

Details regarding sample purification, preparation, grinding, and characterization via X-ray 

diffraction (XRD; phase identification), electron microprobe analysis (EMPA; Ti content of the 

dominant mineral phase present in each sample), nitrogen adsorption analysis (specific surface 

area determination), ultraviolet−visible (UV−vis) diffuse reflectance spectroscopy (optical 

properties and, where possible, band gap determination), and scanning electron microscopy 

(SEM; particle size and morphology) are presented in Appendix A. 

Mineral-coated Pyrex insert tubes were exposed to ozone in a coated-wall atmospheric 

pressure flow tube reactor, which was mounted in the center of a black plastic box and 

surrounded by four UV-A lamps (4.13−3.02 eV, eVmax: 3.48; 300−410 nm, λmax: 356 nm). With 
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four lamps turned on, the NO2 photolysis frequency (JNO2 )26 inside the reactor was 0.0045 ± 

0.0001 s−1, which is in the range of noontime photolysis frequencies measured at a northern 

midlatitude site.27 We note, however, that this comparison does not take into account the 

spectral mismatch between our lamp emission profiles and the solar radiation spectrum at this 

location. Further details regarding the flow tube reactor, NO2 actinometry, insert tube 

preparation, and experimental protocols are presented in Appendix A.1. 

Ozone was introduced to the flow tube by a movable injector; the ozone−surface interaction 

time was calculated using the volumetric gas flow and the flow tube dimensions, and the 

pseudo-first-order rate constant for the reaction, 𝑘!"#, was determined using the following 

equation28 

[𝑂!] = 	 [𝑂!]" 	× 	𝑒#$!"#% 

Here, [𝑂!]	is the average steady-state ozone concentration at the exit of the flow tube upon 

exposure to the mineral substrate under either light or dark conditions, [𝑂!]"	is the average 

ozone concentration with the movable injector entirely pushed in (i.e., with no exposure to 

the mineral substrate), and t is the residence time of ozone inside the mineral-coated section 

of the flow tube. The obtained 𝑘!"#  values were then used to calculate effective uptake 

coefficients, γ$%%, as follows28 

γ&'' =	
($%"&×	$!"#

+'(
  

Here, 𝐷&'"$ is the flow tube diameter and 𝜔(!  is the mean thermal velocity of ozone under our 

experimental conditions. Finally, γ$%% was corrected for gas-phase diffusion limitations29 and 

sample-specific surface area scaling (Brunauer−Emmett− Teller; BET) was applied to yield 𝛾)*+, 

which is the value reported in this work30 

γ𝒄𝒐𝒓𝒓 =	
γ&''

1 −	γ&''
3

2𝑁/01
&''𝐾𝑛

 

(2.1) 

(2.2) 

(2.3) 
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𝛾)*+ =	𝛾,!-- ×
𝑆.$!

	𝑆)*+ 	´		𝑚
	

Here, 𝑁/01
$%% is the effective Sherwood number, 𝐾𝑛 is the Knudsen number, 𝑆.$! is the geometric 

surface area of the mineral-coated section of the coated-wall flow tube (m2), m is the sample 

mass (g), and 𝑆)*+ is the specific BET surface area (m2 g−1) of the sample; these values, which 

are specific for our experimental conditions and the geometry of the coated-wall flow tube, 

are presented in Table A.4. 

For both the commercial and natural TiO2 samples, almost complete depletion of ozone was 

observed upon illumination; therefore, to minimize diffusion limitations for these samples, we 

performed experiments using TiO2/SiO2 mixtures. This approach required additional 

considerations for the 𝛾)*+ calculations, which we present in Appendix A.1.3.3.1. To verify 

that uptake of ozone was insignificant in the absence of minerals, we conducted blank 

experiments using empty Pyrex insert tubes (n = 3). In all cases except for one trial of titanite 

2 under dark conditions, the loss of ozone in these blank tubes was significantly lower than 

the loss observed for mineral-coated tubes. For this reason, the 𝛾)*+ values presented here are 

not blank-corrected and 𝛾)*+ values for titanite 2 under dark conditions are not reported. 

2.3 Results and discussion 

2.3.1  Selection and characterization of Ti-containing minerals relevant to mineral dust 

Our sample set consists of anatase and rutile, two of the three naturally occurring TiO2 

polymorphs (the third, brookite, is uncommon);31 ilmenite, an iron−titanium oxide commonly 

found in igneous and metamorphic rocks;32 titanite, the most abundant titanosilicate;33 and the 

titanium-bearing minerals phlogopite, hastingsite, augite, and epidote, which are commonly 

found members of the mica, amphibole, pyroxene, and epidote supergroups, respectively.20,34 

To assess the extent to which photochemistry varies within a single mineral class, we studied 

two samples of both anatase and titanite. The mineral names, simplified chemical formulas, 

geographic origins, and elemental Ti contents of our sample set are displayed in Table 2.1. 

(2.4) 
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Mineral Simplified Chemical Formula  Origin Ti content (mass %)a 

anatase (commercial) TiO2 Sigma Aldrich 99.8b 

anatase 1 TiO2 Pakistan 99.5 ± 0.3 

anatase 2 TiO2 Brazil 99.8 ± 0.2 

rutile TiO2 Brazil 98.8 ± 0.1 

ilmenite FeTiO₃ United States 51.0 ± 1.2 

titanite 1 CaTiSiO₅ Canada 34.7 ± 0.2 

titanite 2 CaTiSiO₅ Brazil 38.5 ± 0.2 

phlogopite KMg3(AlSi3O10)(F,OH)2 Canada 1.02 ± 0.05 

hastingsite NaCa2(Mg4Fe3+)(Si6Al2)O22(OH)2 United States 0.79 ± 0.03 

augite (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6 United States 0.71 ± 0.08 

epidote Ca2(Al,Fe)2Si3O12(OH) Norway 0.21 ± 0.02 

a reported as TiO2 by mass; in all cases except commercial anatase, the dominant mineral 
phase was selected for spot analysis 

b reported as TiO2 by the supplier (Sigma Aldrich) 

Table 2.1: Ti and Ti-bearing minerals under study. 

 

2.3.2 Photoenhanced ozone uptake by Ti-containing minerals varies by several  

            orders of magnitude 

We investigated the uptake of ozone by Ti-containing minerals using a custom-built coated-

wall photochemical flow tube reactor (Figure A.1), in which ozone passes through a Pyrex 

tube coated with the mineral sample of interest and the loss of ozone measured at the outlet 

of the tube reflects the degree of surface reaction. All mineral samples were exposed to ozone 

under both dark and illuminated conditions; a representative ozone reaction profile is shown 

in Figure 2.1 for titanite 1, and reaction profiles for all other minerals are shown in Figures A.3 

and A.4. In all cases, ozone loss was higher upon illumination and higher than in the absence 

of mineral samples, which implies the existence of a light-mediated pathway for ozone loss at 
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the surface of all samples. To our knowledge, these results are the first demonstration of 

photoenhanced trace gas uptake by natural Ti-containing minerals. 

Figure 2.1: Reaction profile of ozone with titanite 1 at 25% RH. The unshaded regions of the 
profile denote time periods in which ozone was not exposed to titanite 1. The blue and yellow 
regions of the profile denote the exposure of ozone to titanite 1 under dark and illuminated 
conditions, respectively. 

 
For each mineral sample, the 𝛾)*+ values under illumination are higher than those under dark 

conditions; these values are presented in Figures 2.2 (illuminated conditions) and S14 (dark 

conditions). As illustrated in Figure 2.2, 𝛾)*+ values for illuminated samples span four orders 

of magnitude, ranging from (1.8 ± 0.3) × 10−4 for commercial TiO2 to (1.2 ± 0.5) × 10−7 for 

epidote. It is not surprising that the TiO2 minerals (anatase 1, anatase 2, and rutile) are the 

natural samples with the highest 𝛾)*+ values, given that TiO2 is a well-known semiconductor 

photocatalyst with band gaps in the near-UV for both its anatase and rutile phases.35 In their 

study of ozone decomposition at the surface of mixed TiO2−SiO2 films, Nicolas et al. drew from 

studies of the behavior of ozone in aqueous systems (see e.g., Staehelin and Hoigné36) to 

propose a mechanism for the TiO2-catalyzed uptake of ozone.37 In this mechanism, which is 

described in detail in Appendix A.2.2.1, absorption of light with energy equal to or greater 

than the band gap of TiO2 leads to the release of molecular oxygen. 
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Figure 2.2: BET uptake coefficients (𝛾#$%) for ozone at RH 25% at the surface of illuminated 
(JNO2 = 0.0045 ± 0.0001 s−1; see Appendix A.1):  a) commercial and natural TiO2 and b) other 
Ti minerals, Ti-bearing minerals, and desert dust samples (Cape Verde depositional dust and 
Gobi dust). For all samples except ilmenite, each data point represents the mean of three trials, 
with 1s error bars; for ilmenite, which appeared to display bimodal reactivity (see Appendix 
A.2.1), each trial (n = 6) is displayed individually. 

  

Since the light-enhanced uptake of ozone has not been previously explored for Ti-containing 

minerals other than TiO2, no specific mechanisms currently exist to explain the reactivity of 

the remaining minerals in our sample set. To assess if these minerals have the potential to be 

semiconductor photocatalysts, we obtained diffuse reflectance spectra for each sample, which 

we then transformed using the Kubelka−Munk function as described in Appendix A.1.4.5. As 

shown in Figures 2.3 and A.11, all of the mineral samples investigated in this study absorb light 

in the emission range of the UV-A lamps used in the photoreactor and many have band gaps 

that lie within this emission range. Therefore, the non-TiO2 minerals in our sample set can, in 

principle, catalyze the photoreduction of ozone via the mechanism proposed for TiO2. 

However, as shown in Figure 2.2, these samples are significantly less photoactive than the TiO2 

minerals, which for a given mineral sample may reflect considerations such as the extent of its 

band gap overlap with the emission range of the UV-A lamps; the absolute position of its 

b) a) 
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conduction/valence band edges in comparison to the redox potential of the relevant adsorbed 

species (i.e., oxygen and/or ozone);38 and its interfacial charge transfer efficiency, which in 

turn reflects the competition between electron−hole recombination and charge transfer to 

adsorbed species.17 

As described in Appendix A.2.1, the catalytic uptake of ozone by metal oxides under dark 

conditions is thought to be mediated by reactive Lewis acid surface sites (SS).39 In particular, 

the interaction of ozone with these sites has been proposed to lead to the formation of gas-

phase molecular oxygen and adsorbed atomic oxygen (SS−O), the latter of which can 

subsequently react with ozone or another adsorbed oxygen atom to regenerate the surface 

sites.40,41 In this context, we propose that the photocatalytic loss of ozone in our experiments 

may also occur via photocleavage of the SS−O bond, which would also regenerate reactive 

surface sites and thus enable sustained ozone uptake. Since the photocleavage potential of this 

bond would depend on the strength of the SS−O interaction, and thus be sample-specific,39 this 

mechanism would also explain the sample-to-sample variability in ozone uptake coefficients 

apparent in Figure 2.2. Although we expect the semiconductor photocatalysis mechanism 

described in Appendix A.2.2 to dominate for the TiO2 minerals, we note that if these minerals 

also possess strong SS−O bonds, which would limit surface site regeneration, then SS−O 

photocleavage would also lead to enhanced ozone uptake upon illumination for these samples. 

We suggest that further studies of the mechanism of ozone photochemistry at mineral surfaces 

would benefit from surface spectroscopic measurements of ozone binding frequencies,39,42 

which have previously been shown to provide insight into the influence of molecular 

geometry and symmetry on the photochemistry of adsorbed species.43 

2.3.3  Samples of the same mineral phase exhibit significantly different photoreactivities 

Interestingly, as shown in Figure 2.2, we find significantly different photoreactivities for two 

titanite samples originating from different locations. These observations may reflect 

differences in the optical properties of the two samples: as shown in Figure 2.3, the band gap 

of titanite 1 (3.49 eV; 355 nm) is smaller than that of titanite 2 (3.66 eV; 339 nm), and in 
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particular overlaps the maximum emission wavelength of the UV lamps used in this study (3.48 

eV; 356 nm), which enables it to absorb a greater fraction of emitted light in the flow tube 

reactor. 

As shown in Tables A.9 and A.10, the primary compositional difference between the two 

titanite samples is that the Fe content of titanite 1 is considerably higher than that of titanite 

2. Although no studies have investigated the influence of Fe content on titanite photocatalysis, 

Fe doping of TiO2 nanoparticles has been shown to result in band gap energy reductions.44 In 

this context, we tentatively attribute the red shift in the band gap of titanite 1 to substitution 

of Ti by Fe in its crystal structure. Fe doping has also been found to reduce the charge-carrier 

recombination rate for TiO2 nanoparticles and thereby increase the probability that 

photogenerated electrons and holes will react with adsorbed species.45 If Fe doping affects 

titanite similarly, then this mechanism would also explain the elevated reactivity observed for 

titanite 1 with respect to titanite 2. 

We also observe significant differences in photoreactivity for the two anatase samples 

employed in this study: as shown in Figure 2.2, 𝛾)*+ for illuminated anatase 1 is more than 7× 

larger than that of anatase 2. In this case, the explanations employed for the titanite samples 

do not suffice: despite their different photoreactivities, the two anatase samples have similar 

band gaps (Figure 2.3), elemental compositions (Tables A.5 and A.6), and X-ray diffractogram 

peak positions (Figure A.9). Because we identified only the dominant phase for each mineral 

using EMPA and XRD, we cannot assess the extent to which dopants24 (e.g., trace Nb and Fe, 

the quantities of which vary for these two samples) and/or intergrown mineral phases46 present 

at trace levels may have influenced the photoreactivity of these samples. In the following 

paragraphs, we consider several additional factors that may have contributed to the observed 

differences in reactivity. 
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Figure 2.3: Diffuse reflectance UV-Vis spectra (displayed in Kubelka–Munk units) for a) 
titanite samples and b) TiO2 minerals. The intersection of the dashed red lines for each sample 
indicates the position of the band gap. 

 

The photocatalytic potential of TiO2 is influenced by particle size, which controls the available 

surface area for reactions to occur. In this context, as noted above, we scaled all uptake 

coefficients to the BET surface area of each mineral. Particle size can also influence the surface 

acidity47 and inherent photoreactivity of semiconductors (e.g., by changing the charge-carrier 

recombination rate25 and mechanism of electron transport48); for these reasons, we used field 

emission scanning electron microscopy (FESEM) to image a subset of the samples (all TiO2 

samples and both titanite samples). As illustrated in Figure A.12, although we found 

commercial TiO2 particles to be much smaller and more spherical than the natural mineral 

samples, we did not see any obvious size distribution differences for the natural samples, which 

implies that the photoreactivity differences observed for our anatase samples did not arise from 

sample preparation (i.e., hand grinding) artifacts. 

The photoreactivity of TiO2 can be influenced by many additional factors, including crystal 

facet49; electron mobility50; interfacial charge-carrier dynamics24; amorphous/crystalline 

content51; exposure of fresh, active surfaces upon grinding52; and the amount of surface-sorbed 

a) b) 
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water, which can alter the symmetry of adsorbed species and thereby modify the relative 

importance of subsequent surface photochemical pathways.43 As a result of this complexity, 

predicting and understanding differences in photocatalytic activity is challenging even for 

synthesized TiO2 samples.53 In the natural environment, where a given mineral phase can 

exhibit a range of elemental substitutions and crystal lattice parameters,32 the situation is even 

more complex; nevertheless, we suggest that some/all of these factors may have also been in 

operation for our samples. 

2.3.4  Implications for the study of atmospheric mineral dust photochemistry 

Studies of mineral dust photochemistry performed to date have largely assumed that Ti present 

in mineral dust exists solely as TiO2, and therefore that the photoactive potential of a given 

dust sample can be predicted using elemental analysis.18,37,54 To assess the validity of this 

approach, we first plotted the ozone photoreactivity (𝛾)*+) of our mineral samples as a function 

of the Ti content of their dominant mineral phase. As illustrated in Figure 2.4, although 𝛾)*+ 

generally increases with Ti content, this increase is not linear; in addition, we observe 

substantial variability in 𝛾)*+ values for all mineral types (i.e., TiO2 minerals, non-TiO2 Ti 

minerals with intermediate Ti content, and Ti-bearing minerals with low Ti content). To 

explicitly test the validity of elemental analysis-based predictions of dust photoreactivity, we 

also investigated the uptake of ozone at the surface of two natural mineral dust samples: Cape 

Verde depositional dust (4.5% Ti)55 and Gobi dust (1.3% Ti).14 If the Ti in these samples were 

present exclusively as TiO2, with an assumed 𝛾)*+ range of 6.2 × 10−6 −7.4 × 10−5 (the 𝛾)*+ values 

for all replicates of the three natural TiO2 samples shown in Figure 2.2), then we would expect 

γ$%% values in the range of 1.8 × 10−6 −5.3 × 10−5 and 5.6 × 10−7 −1.7 × 10−5 for Cape Verde and 

Gobi dusts, respectively. Although the γ$%% values for Cape Verde and Gobi dusts obtained in 

this work ((6.4 ± 0.7) × 10−6 and (2.7 ± 0.4) × 10−6, respectively) fall within the lower bound of 

these broad ranges, this approach also assumes that the Ti in these samples is present in grains 

with specific surface areas identical to those of the hand-ground TiO2 samples studied here, 

which may not be the case. In addition, these γ$%% values are much smaller than those 
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predicted from the results obtained for commercial anatase ((2.9−3.8) × 10−4 and (0.9− 1.2)  

× 10−4 for Cape Verde and Gobi dusts, respectively). Together, these results highlight the 

limitations of both elemental and mineralogical analyses in predicting mineral dust 

photoreactivity and provide the first direct evidence that the use of commercial TiO2 as a proxy 

for the photoactive component of mineral dust can lead to overestimates in the magnitude of 

light-mediated processes at the surface of ambient dust. 

 

Figure 2.4: BET uptake coefficients (γBET) for ozone at the surface of all Ti-containing minerals 
as a function of the Ti content of each mineral, with the latter obtained as described in Table 
2.1.  For all samples except ilmenite, each data point represents the mean of three trials, with 
1s error bars; for ilmenite, which appeared to display bimodal reactivity (see Appendix A.2.1), 
the minimum and maximum γBET values are shown. 

 

Climate change is predicted to exacerbate mineral dust emissions;56 in this context, it is 

increasingly important to understand the influence of dust on climate, air quality, and health. 

The atmospheric chemistry community has employed elemental and/or mineralogical analysis 

to quantify dust nutrient inputs to oceanic ecosystems,57 determine source regions of ambient 

dust aerosol,58 and identify mineral phases important for ice nucleation59 and trace gas 

chemistry at the soil surface.60 Our results highlight for the first time that dust photochemistry 



CHAPTER 2.     PHOTOCATALYTIC ACTIVITY OF NATURAL TI-CONTAINING MINERALS 67 

does not easily lend itself to these types of bottom-up approaches: specifically, we show that 

Ti-containing minerals other than TiO2 photocatalyze trace gas uptake, that dust 

photochemistry does not scale linearly with elemental Ti content, and that samples of the same 

mineral phase can exhibit significantly different photoreactivity. To address these limitations, 

we propose instead a top-down approach, in which the photoactive potential of dust is assessed 

using samples collected from global source regions representing a diverse range of 

mineralogical compositions.61 Because this expanded approach does not make assumptions 

regarding the components of dust that drive its reactivity, it has the added benefit of 

considering contributions from both known (e.g., iron oxides62,63) and as-yet unidentified 

photoactive species present in mineral dust.  
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3.1 Introduction 

Although the majority of atmospheric dust is released from desert regions in North Africa, 

Central Asia, and Australia,1 high-latitude environments are also productive dust sources: as 

a result of their extreme winds and low absolute humidities,2 high-latitude dust sources 

contribute ∼3−5% of global dust emissions despite their relatively modest geographical area 

(∼500,000 km2).2,3 On a more local scale, northern sources are the dominant contributor to 

Arctic surface dust loadings3 and can deliver nutrients to surrounding marine and terrestrial 

ecosystems.4 

Iceland, arguably the most important of the high-latitude source regions, emits 30−40 million 

tons of dust each year,5 with these emissions reflecting both glacial and volcanic processes. 

Approximately 10% of Iceland is covered by glaciers,6 which sit above the basaltic material 

that comprises most of the island.7 Glacial and wind erosion of this material has resulted in 

over 20,000 km2 of sandy deserts,8 which in turn contain a number of highly active dust 

source areas;5 according to one report, the deposition rate of glaciogenic volcanic dust is 

higher in Iceland than in any other location.9 Particulate matter (PM) concentrations in 

Iceland are also influenced by resuspension of deposited volcanic ash:10−12 for example, 

resuspension of ash from the 2010 Eyjafjallajökull eruption13 led to major dust events even 

years later.14,15 

According to one long-term observational data set, Iceland experiences an average of 135 dust 

days each year.16 These dust events, which are highly dependent on meteorological conditions 

(e.g., wind speed and humidity),10,17−19 can result in episodic air quality reductions in populated 

areas.20 To date, most investigations of the health impacts of volcanic PM have focused on its 

direct inhalation effects;21−23 fewer, in contrast, have explored potential indirect air quality 

impacts arising from the interaction of this PM class with gas-phase pollutants.24,25 

The short-term impacts of volcanic eruptions on the gas-phase composition of the troposphere 

are comparatively well documented: in particular, many field studies have reported ozone 
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depletion within and downwind of volcanic plumes.26 This depletion is believed to arise from 

catalytic destruction of ozone by halogen radicals formed from coemitted volcanic gases,26−28 

rather than from ozone loss at the surface of volcanic PM. However, this may not be the case 

after eruptions, when the mixing ratios of halogen-containing gases have returned to 

background levels, but volcanic dust emissions persist. Ozone depletion has also been observed 

within Saharan29 and Gobi30 dust plumes; here, in contrast, ozone loss has been attributed to 

the direct uptake of ozone (as observed in the laboratory31−33) and/or the scavenging of its 

precursors (i.e., nitrogen oxides34) by mineral dust. Although the composition of lower-

latitude dusts differs significantly from that of Icelandic dust,35 these observations nonetheless 

suggest that the interaction of ozone with high-latitude dust may also be important. 

To date, laboratory investigations of ozone–volcanic PM interactions have been performed at 

low pressure and in the absence of water vapor and have focused exclusively on volcanic 

ash.36,37 However, the reactivity of ozone with mineral surfaces typically displays a strong 

relative humidity (RH) dependence;38 in addition, the reactivity of volcanic dust produced via 

erosion of surface volcanic material may differ from that of freshly emitted ash. The situation 

is further complicated by the fact that both Icelandic PM25,39,40 and lower-latitude mineral 

dust31,41 are photochemically active. In the case of lower-latitude mineral dust, we have 

suggested that this photoenhancement may be mediated by Ti-containing minerals;31 

however, the potential drivers of this chemistry in Icelandic volcanic dust remain unexplored. 

Together, these gaps in our knowledge limit our ability to predict the atmospheric reactivity 

of volcanic dust toward ozone and, more broadly, to quantify the overall air quality impacts 

of volcanic dust emissions. 

Here, we report ozone uptake by volcanic dust obtained from Mýrdalssandur, a major dust 

source region located in southern Iceland,5,9 which we characterized using bulk, surface, and 

spatially resolved compositional analysis. To better understand the mechanism and 

environmental relevance of this reaction, we performed experiments under both dark and 

light conditions and at a range of ozone concentrations and RHs. Based on the kinetic 
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parameters we obtain here, we conclude that this chemistry will influence ozone 

concentrations in volcanically active regions only during extreme dust events. 

3.2 Experimental 

3.2.1 Experimental apparatus 

Experiments were conducted in a coated-wall flow tube reactor (Figure B.1), which has 

previously been used to investigate the uptake of NO2 and SO2 by volcanic dust24,25 and the 

uptake of ozone by clays.42 The reactor consists of a Pyrex reaction tube (length = 20 cm; 

internal diameter = 0.975 cm) housed within a larger Pyrex flow cell, the latter of which is 

equipped with a water jacket for temperature control. All experiments were performed at 295 

K and at atmospheric pressure. 

Illumination of the flow tube is accomplished using two UV-A lamps (Philips PL-L 

18W/10/4P), which are positioned ∼10 cm from the tube. The photon flux in the flow tube 

was estimated using the photolysis frequency for NO2, JNO2, as determined in a nitrogen 

flow.43 Under our experimental conditions, JNO2 in the flow tube was (3.0 ± 0.3) × 10–3 s–1, which 

is lower than spring clear-sky photon fluxes measured in the SAPHIR atmospheric simulation 

chamber (Jülich, Germany)44 but higher than expected under typical Icelandic weather 

conditions. This difference, coupled with the spectral mismatch between the UV-A lamps and 

the solar radiation spectrum, may lead to corresponding differences between sample 

photoreactivity observed in the laboratory and in the ambient Icelandic environment. 

All experiments were conducted using zero air as bath gas (total volatile organic compounds 

(VOCs) < 0.1 ppb, CO2 < 10 ppb, CO < 80 ppb, and H2O < 2 ppm). Ozone was generated in a 

dry air flow (∼200 cm3 min–1) using a UV ozone generator (Model 165, Thermo Environmental 

Instruments Ltd.). The output of the ozone generator was diluted into a second flow of dry air 

and subsequently mixed with a flow of wet air from a water bubbler. Both dilution flows were 

controlled using mass flow controllers (MKS) connected to a four-channel readout unit (Type 

247, MKS). The ozone-containing air flow was introduced to the reactor using a Pyrex movable 
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injector (internal diameter = 0.49 cm), the position of which determines the gas–surface 

interaction time. Ozone mixing ratios were measured at the outlet of the flow tube using a 

commercial ozone analyzer (O342e, Envea; optical detection at 254 nm). Experiments were 

performed at environmentally relevant ozone concentrations (10–200 ppb in the combined 

flow) and RHs (<5–50%). 

In these experiments, the total volumetric flow through the flow tube was ∼900 cm3 min–1, 

which corresponds to a Reynolds number of ∼130 (i.e., laminar flow). Under these 

experimental conditions, the ratio of the mean free path of ozone to the flow reactor radius 

(i.e., the Knudsen number, Kn) is ∼2.2 × 10–5, which implies that experiments were conducted 

in the continuum regime.45 Additional details regarding the flow tube dimensions and flow 

parameters are provided in Lasne et al.42 

3.2.2 Reaction tube preparation 

Pyrex reaction tubes were rinsed with ethanol and deionized water prior to use. Then, one 

end of the tube was stoppered, and volcanic dust (∼30–450 mg) and a small amount of water 

(0.5–2 mL; to facilitate tube coating while minimizing potential loss/redistribution of any 

water-soluble material) were added. The tube was then shaken by hand until the water/dust 

suspension evenly coated its inner walls. Finally, the tube was slowly rotated for several 

minutes under a heat gun held at 393 K to ensure that the sample dried in a uniform manner. 

The tube was then stored in an oven at 373 K overnight prior to use.  

3.2.3 Experimental procedure 

At the beginning of each experiment, a dust-coated reaction tube was placed in the coated-

wall flow tube reactor and the movable injector was retracted to expose the sample to a flow 

of air at the RH employed in the experiment. After ∼30 min, the injector was fully pushed in 

and the ozone generator was turned on. Once the measured ozone mixing ratio reached a 

constant baseline value, the injector was completely retracted such that the ozone-containing 

gas flow could interact with the entire dust sample. After 2 h, at which point the ozone mixing 
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ratio had approached a plateau (i.e., steady state) value, the sample was illuminated for 1 h; 

then, the sample was exposed to ozone for a further 1 h under dark conditions; finally, the 

injector was again pushed in and baseline measurements were taken for an additional 30 min. 

 
3.2.4 Data analysis 

Since the reactivity of the Mýrdalssandur dust sample decreased rapidly with increasing ozone 

exposure (Figure 3.1), its integrated influence on ambient ozone mixing ratios is best captured 

using its steady-state uptake coefficient. These values were obtained by first calculating the 

pseudo-first-order loss rates for ozone, kobs, for each experiment as follows 

 

𝑘!"# =
	𝑙𝑛 '[𝑂$]%[𝑂$]&

+

−𝑡  

 

Here, [O3]t is the steady-state ozone mixing ratio under dark or light conditions, [O3]0 is the 

baseline ozone mixing ratio, and t is the gas–surface interaction time (at the volumetric flow 

rates employed here, t = 0.8 s). The values of kobs thus obtained were used to calculate effective 

uptake coefficients, γeff, using the following equation46 
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Here, Dtube is the internal diameter of the flow tube and ⟨c⟩ is the mean thermal velocity of 

ozone under our experimental conditions. To correct for the influence of radial ozone diffusion 

limitations on calculated γeff values, the KPS method was employed47 
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Here, NSheff is the effective Sherwood number, as estimated for the flow tube parameters and 

experimental conditions in the present study. 

As described in Lasne et al.,42 errors associated with the uptake coefficients reported here are 

estimated as <15%; this estimation takes into account the precision of the ozone analyzer and 

the mass flow controllers employed here, as well as errors associated with Mýrdalssandur dust 

mass measurement, tube coating length, and specific surface area. 

3.2.5 Sample provenance, preparation, and characterization 

3.2.5.1 Sample collection and preparation 

Recently, our group reported the uptake of SO2 and NO2 by volcanic dust samples obtained 

from four main source regions in Iceland.24,25 As the photochemical activity of natural mineral 

dusts and volcanic ash has previously been attributed to photoactive titanium39,48,49 and 

iron39,49 oxides, we selected from this set the sample with the highest bulk Ti content for this 

study. This sample was obtained from the Mýrdalssandur region of southern Iceland 

(63°26′50.1″N 18°48′52.8″W)24 and grinded in a mortar and pestle prior to use. Importantly, we 

note that the vesicular morphology of this sample (see Figure 3.4) renders it less dense than 

typical lower-latitude dust and, consequently, more susceptible to atmospheric transport than 

expected based on its size.50 

3.2.5.2 Surface area analysis 

The Brunauer–Emmett–Teller (BET) specific surface area for the sample, SBET  

(1.8 ± 0.2 m2 g–1),24,25 was determined in a custom-built BET apparatus51 using nitrogen gas as 

the adsorbate. The sample was degassed at 523 K to remove any surface-sorbed water prior to 

collecting nitrogen adsorption isotherms (n = 3). 

3.2.5.3 Bulk elemental analysis 

The bulk elemental composition of the sample was determined by inductively coupled plasma 

mass spectrometry (ICP–MS; NexION 300×, PerkinElmer). Sample aliquots (2–7 mg, n = 6) 

were prepared for analysis using microwave acid digestion (Milestone Ultrawave; 
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HF/HNO3/H2O2; 500 K, 35 bar, 15 min). The method was evaluated by repeated measurements 

on acid blanks, quality control standard solutions, and standard reference materials (NIST SRM 

1648a and SRM 2584).24 The results of this analysis, which were previously published in 

Urupina et al.,24 are shown here in Table B.1. 

3.2.5.4 Surface elemental analysis 

The surface (uppermost 2–10 nm)52 elemental composition of the sample was analyzed using 

X-ray photoelectron spectroscopy (XPS; Kratos Axis Ultra). High-resolution scans at a pass 

energy of 40 eV were acquired for C1s, O1s, Si2p, Al2p, Fe2p, Mg2p, Ca2p, Na1s, K2p, Ti2p, and 

Mn2p using a monochromatic Al X-ray beam centered at 1486.6 eV; data processing was 

performed using the CasaXPS software program. The binding energy scale was calibrated by 

fixing the C1s peak for adventitious carbon at 284.8 eV. The results of this analysis are presented 

in Table B.1. 

3.2.5.5 Elemental speciation analysis 

3.2.5.5.1 Sieving 

The sample was dry sieved by hand using 8 in. stainless-steel sieves into >150, 150–75, and 75–

45 μm size fractions. The <45 μm fraction was wet sieved with deionized water into 45–20 and 

<20 μm size fractions, both of which were collected on cellulose acetate filters (1005-110 Grade 

5 qualitative filter paper, Whatman) via vacuum filtration. Sample-laden filters were dried in 

a gravity oven at 363 K prior to further processing. 

3.2.5.5.2 Density fractionation 

In an attempt to isolate the glass and mineral components of each size fraction (except the <20 

μm fraction, which did not contain sufficient mass), samples were subjected to density 

separation using lithium heteropolytungstate (LST), a heavy liquid (2.85 g cm–3) commonly 

used in soil and volcanic ash density separations,53,54 with density (2.85 g cm–3) intermediate 

between that of Icelandic volcanic glass (1–3 g cm–3)9 and the predicted mineral phases in the 

sample (olivine, ilmenite, and plagioclase; 2.6–4.7 g cm–3).55 In this procedure, each size 
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fraction was transferred into 15 mL centrifuge tubes; then, ∼3 mL of LST was added and the 

suspension was centrifuged twice at 3500 rpm for 5 min (5804, Eppendorf). After 

centrifugation, the floating (putative glass) and settled (putative mineral) subfractions were 

separated and collected as described in Section 3.2.5.5.1. 

3.2.5.5.3 Light microscopy 

Preliminary information regarding the morphology, composition, and size distribution of the 

volcanic dust particles was obtained by imaging the 150–75 μm fraction using polarized light 

microscopy (Axio Scope.A1, Zeiss). As shown in Figure 3.4, the sample contains both glass 

(vesicular, transparent/semi-transparent) and mineral (opaque) components. Mineral 

components may be free (i.e., phenocrysts) or lightly coated in glass, but are often microlites 

within a glass matrix (Figure 3.5). 

3.2.5.5.4 Electron microprobe analysis 

Size- and density-fractionated samples were transferred into predrilled holes on acrylic pucks, 

which were then backfilled with epoxy. Once cured, samples were polished and carbon-coated 

for analysis. Glass and mineral components were analyzed separately by wavelength-

dispersive spectroscopy using an electron microprobe (JXA-8900R electron probe 

microanalyzer, JEOL), which was calibrated using either glass or mineral standards. For the 

glass fraction, a 10 μm beam size was used, with a 15 keV accelerating voltage and a 6 nA beam 

current. The Kα lines of 11 elements were measured in each selected spot (Na, Ca, Si, Fe, Mn, 

K, Ti, Mg, Al, Cl, and P). For the mineral fraction, a 2 μm beam size was used, with a 20 keV 

accelerating voltage and a 20 nA beam current. The Kα lines of 10 elements were measured in 

each selected spot (Na, Ca, Si, Fe, Mn, K, Ti, Mg, Al, and Cr). 

Because preliminary electron microprobe analysis (EMPA) data indicated that the five size 

fractions displayed similar composition, we collected detailed EMPA data for only the 75–45 

μm density-separated sample. A total of 78 spots were selected for analysis of the light and 

heavy separated fractions; to capture the sample’s compositional heterogeneity, grains with 
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different morphologies and back scattering electron (BSE) reflectivity were chosen for both 

the glass and mineral fractions, as brighter and darker shades on BSE images indicate higher 

and lower atomic numbers, respectively.56 The geochemical composition and predicted 

mineral phase for each spot analyzed are presented in Tables B.2–7. 

3.3 Results and discussion 

As shown in Figure 3.1, the ozone mixing ratio measured at the exit of the coated-wall flow 

tube decreased substantially upon exposure to Mýrdalssandur dust and subsequently increased 

gradually toward a steady-state value; in the presence of light, the ozone mixing ratio 

decreased further. In the following sections, we report the influence of sample mass, ozone 

mixing ratio, and RH on ozone uptake by this sample. 

 

Figure 3.1: Reaction profile of Mýrdalssandur dust with ozone at 0% RH. The unshaded 
regions of the profile denote time periods when ozone was not exposed to the sample. The 
blue and yellow regions of the profile denote the exposure of ozone to the sample under dark 
and illuminated conditions, respectively. 
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3.3.1 Ozone uptake by Mýrdalssandur dust 

3.3.1.1 Influence of sample mass 

The steady-state uptake coefficient for ozone by Mýrdalssandur dust (γcorr) increases as a 

function of dust mass under dark and light conditions (Figure B.2; experiments performed 

under dry conditions and 50 ppb ozone). These results imply that the dust surface area 

available for reaction with ozone was larger than the geometric surface area of the dust-coated 

section of the Pyrex reaction tube (Sgeo). In all subsequent sections, therefore, we report γBET, 

which accounts for the interaction of ozone with the entire coating volume 

 

𝛾/01 =	𝛾*!++ ×
𝑆2'!

𝑆/01 × 	𝑚
 

 

Here, m is the dust mass (g) and SBET is the specific surface area of the dust (BET; m2 g–1), as 

determined for bulk samples. Importantly, because this approach may overestimate the surface 

area presented by solid particle coatings,57 the γBET values we report here represent lower limits 

for the ambient reactivity of volcanic dust toward ozone. 

3.3.1.2 Influence of ozone concentration 

As illustrated in Figure 3.2, γBET decreases exponentially with increasing ozone concentrations 

(10–200 ppb; 30% RH) under both dark and light conditions. These results are consistent with 

a Langmuir–Hinshelwood reaction mechanism, in which ozone loss at higher ozone mixing 

ratios is limited by saturation of available surface sites and k values are correspondingly 

lower.58 This behavior has previously been observed for metal oxides,59−62 clays,42 and Saharan 

dust deposited in Cape Verde.32 

(3.4) 
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Figure 3.2: BET uptake coefficients (γBET) for ozone at the surface of Mýrdalssandur dust as a 
function of ozone mixing ratio (30% RH). Filled and open circles represent γBET values under 
dark and illuminated conditions, respectively. Error bars are estimated as 15% of calculated 
values, as described in Section 3.2.4. 
 
 
3.3.1.3 Influence of relative humidity 

As shown in Figure 3.3, the highest γBET values (50 ppb ozone) were found under dry 

conditions, whereas the lowest value was observed at 50% RH. This trend, previously observed 

for clays42,57 and mineral dust proxies,31,48,61 has been attributed to competition by water vapor 

for reactive surface sites. This explanation is consistent with our results, and in particular our 

observation that γBET values for ozone determined under dry conditions were highly variable, 

as under these conditions, any variation in the amount of sorbed water remaining in the dust 

films after overnight drying would not be mitigated by contributions from the humidified air 

flow. 

Although previous investigations of water uptake by clays,57,63 dust,51,64 and volcanic ash51 have 

demonstrated the equivalent of monolayer water coverage at <30% RH, we find that the 

reactivity of our sample toward ozone persists even at 50% RH. This observation, which again 

agrees with previous studies of ozone uptake by mineral dust and mineral dust 
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proxies,31,42,48,57,61 may reflect uneven surface water coverage, which would leave surface sites 

available for ozone uptake at RH values higher than those associated with apparent monolayer 

coverage.65 Alternatively, it may reflect the reaction of ozone with soluble species (e.g., 

chloride and bromide) present in a surface water film under elevated RH conditions.66 

 

 
Figure 3.3: BET uptake coefficients (γBET) for ozone at the surface of Mýrdalssandur dust as a 
function of RH (50 ppb ozone). Filled and open circles represent γBET values under dark and 
illuminated conditions, respectively. Error bars are estimated as 15% of calculated values, as 
described in Section 3.2.4. 
 

Finally, we note that the uptake of ozone by this sample also decreases with increasing RH 

under illuminated conditions (Figure 3.3). However, since γBET values obtained under 

illumination also include contributions from processes occurring under dark conditions, this 

observation most likely reflects the aforementioned decrease in dark ozone uptake observed 

at elevated RH, rather than a major change in the magnitude of light-mediated ozone loss. 
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3.3.2 Ozone uptake by Mýrdalssandur dust under dark conditions: Mechanistic discussion  

            and comparison to previous literature 

3.3.2.1 Mechanistic discussion 

The reactivity of the Mýrdalssandur dust sample toward ozone decreased with time over the 

course of the experiment (Figure 3.1); however, it was never fully diminished. Similar 

sustained ozone uptake has previously been observed for metal oxides,59−62 clays,42 and natural 

desert dusts.31,32 

Although the mechanism of ozone loss on the surface of volcanic dust is not currently known, 

ozone uptake by metal oxides has been suggested to proceed via the following set of reactions, 

where SS represents a Lewis acid surface site needed for the decomposition of ozone62,67 

O3 + SS  →                  SS–O + O2           (3.1) 
         SS--–O + O3  →                  SS-–O2 + O2                                                                     (3.2) 
         SS-–O2   →                  SS + O2                                                                                  (3.3) 
         SS–O + SS–O  →                  2 SS + O2                                             (3.4) 
 

According to this mechanism, the saturation of available surface sites via Reaction 3.1 and 3.2 

would result in decreasing ozone uptake with increasing ozone exposure time; at the same 

time, however, regeneration of surface sites via Reaction 3.3 and 3.4 could counteract this 

effect. This competition between saturation and regeneration processes has been previously 

used to explain observations of time-dependent ozone uptake by natural mineral 

dusts,31,32,59 mineral dust proxies,59,61,68 and clays,42 and is also consistent with the results 

reported here. 

Ozone has previously been used to probe for Lewis acid sites at the surface of volcanic ash;37 to 

date, however, these sites have not been explicitly characterized. In the case of metal oxides, 

Lewis acid sites consist of surface oxygen vacancies (i.e., natural deformations) in the crystal 

lattice structure.48,69,70 Similar sites surely exist within the mineral fraction of Mýrdalssandur 

dust; however, because volcanic PM also contains noncrystalline material (i.e., glass)71 and 
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undergoes plume processing upon emission,66 ozone uptake by this sample may also occur via 

other mechanisms. 

Interestingly, our results contrast with those reported by Maters et al., who saw no evidence 

of sustained decomposition of ozone by volcanic ash and glass.36 As shown in Table B.1, the Fe 

content of Mýrdalssandur dust is ∼12 wt %, whereas the Fe contents of the volcanic ash and 

glass samples employed in Maters et al. are much lower.36 If the Fe in the Mýrdalssandur 

sample were present as Fe2O3, which is known to exhibit catalytic ozone uptake over long 

timescales,61 this could explain our results; however, Baldo et al. have recently shown that the 

Fe in Mýrdalssandur dust is primarily present in its glass fraction.35 Here, we suggest several 

alternative explanations for this difference. First, since these two sample sets were obtained 

from different locations, the strength of their reductive sites may be different.37 Second, 

surface weathering processes72 could change the abundance of reactive surface sites capable of 

facilitating sustained destruction of ozone. Third, the Knudsen cell system employed in Maters 

et al.36 may not be sensitive enough to detect minor, but sustained, ozone uptake by volcanic 

PM.46 

3.3.2.2 Comparison to previous literature 

As shown in Figure 3.3, γBET for ozone at the surface of Mýrdalssandur dust is (2.9 ± 0.4)  

× 10–8 at 30% RH, which is orders of magnitude lower than uptake values reported by Maters 

et al. (γ = 10–2 to 10–3).36 This discrepancy is unsurprising, as Maters et al. reported initial γ 

values and did not scale to the specific BET area of their samples. Interestingly, these values 

are also at the lower end of those reported for mineral phases commonly found in volcanic 

PM, including ilmenite, augite (a type of pyroxene), and phlogopite.31,71 However, 

Mýrdalssandur dust is predominantly composed of glass, with only minor amounts of ilmenite 

and pyroxene (see Section 3.3.3), and the majority of the mineral components that are present 

are engulfed by glass (Figure 3.5). Since ozone uptake by both SiO2 powder31,73 and planar glass 

surfaces74 is minimal, this may explain the modest reactivity observed here. 
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3.3.3 Ozone uptake by Mýrdalssandur dust under illuminated conditions: Magnitude  
            and mechanism 
 
As shown in Figures 3.1–3, Mýrdalssandur dust exhibits photoenhanced uptake of ozone under 

all experimental conditions explored here. This behavior has previously been observed for 

TiO2, a semiconductor photocatalyst that is commonly employed as a proxy for the photoactive 

component of mineral dust.31,48,73,75 Here, the photoenhanced uptake of ozone by TiO2 is 

initiated via the absorption of light with energy greater than or equal to its band gap, which 

results in the formation of an electron–hole pair and initiates a chain of reactions that 

ultimately results in the reduction of ozone.73,76 

If the Ti in the Mýrdalssandur dust sample (Table B.1) were present as TiO2, we would expect 

γBET to increase by several orders of magnitude upon illumination;31,48,73 however, as illustrated 

in Figure 3.2, the light enhancement for the dust sample was only ∼20–60%. This discrepancy 

suggests that the Ti in Mýrdalssandur dust may not exist in its highly photoactive TiO2 form 

and that the observed photochemistry may be driven instead by other dust components. We 

have recently demonstrated that natural Ti-containing minerals and mineral dusts also exhibit 

photoenhanced ozone uptake, although to a lesser degree than TiO2.31 In fact, γBET values 

reported by our group for ozone on the surface of Ti-containing minerals found in volcanic 

PM71 are similar to those obtained here, which is consistent with this interpretation. 

In order to further explore this possibility, we used polarized light microscopy and EMPA to 

determine the location and predicted phase of Ti in the Mýrdalssandur dust sample. As shown 

in Figure 3.4, the sample is primarily composed of glass fragments internally mixed with 

minerals, with the latter present as individual crystals, lithic fragments, or microlites and 

phenocrysts within the glass fraction. This internal mixing is also reflected in the EMPA data, 

which show both glass and mineral components in the majority of individual particles, even 

after density separation (Figure 3.5). These components and mixing states have been previously 

observed for Icelandic aeolian samples.5 
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Figure 3.4: Light microscopy images of the 150–75 μm size fraction of Mýrdalssandur dust. 
Opaque pieces are minerals or lithics. Transparent and partially transparent shards, which 
often contain vesicles, are glass with varying amounts of microlites. 

 

Although density fractionation could not fully separate the mineral and glass components of 

the dust sample, the electron beam in the microprobe was narrow enough to spot-select points 

for elemental analysis on the internally mixed mineral and glass components within both 

density-separated fractions. As shown in Table B.7, the sample is predominantly composed of 

basaltic (low-silica) glass,77 which is enriched with Ti (4.5 ± 0.5 wt %). We therefore conclude 

that most of the elemental Ti in this sample is contained in its glass fraction. Our results agree 

with those reported by Dagsson-Waldhauserova et al., who used X-ray diffraction and optical 

microscopy to show that aeolian deposits collected during a dust storm in Reykjavík primarily 

consisted of metal-rich volcanic glass.78 

As illustrated in Tables B.2–6, elemental Ti is also present in the mineral component of 

Mýrdalssandur dust. We used the elemental abundance ratios from EMPA to predict the 

following Ti-containing mineral phases in the sample: pyroxene, plagioclase, ilmenite, 

titanomagnetite, and olivine. However, we note that these minerals exist mostly as micron-

sized grains (i.e., microlites) and are much less abundant than particles composed of glass. The 

a) b) 
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predicted mineral phases identified in this work have previously been identified in Icelandic 

aeolian samples5 and in Icelandic volcanic ash.71,79 

 

Figure 3.5: Back-scattered electron images obtained via electron microprobe analysis of the 
heavy fraction of the 75–45 μm size fraction of Mýrdalssandur dust. The brighter shades 
represent the portion of the sample with higher atomic numbers, and the darker shades 
represent the portion of the sample with lower atomic numbers. Components identified here 
include: (a) ilmenite phenocryst (A; large bright particle), (b) basaltic glass (A), plagioclase 
(B; dark crystal), pyroxene (C; large grain), and ilmenite microlites (D; small bright regions). 

 

In summary, the analyses described here show that the majority of the Ti in Mýrdalssandur 

dust is present in its glassy fraction, and the Ti in its mineral fraction is present not as highly 

photoreactive anatase and/or rutile but rather in a range of other mineral phases not known 

for their photochemical activity. However, the band gaps of two predicted mineral phases 

identified here, ilmenite and augite, can lie within the range of the UV-A lamps used in this 

study,31 which implies that they may also reduce ozone via the mechanism described above for 

TiO2. If the other predicted mineral phases have similar band gaps, they may also contribute 

to the observed ozone loss under illuminated conditions. Finally, we note that we have 
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previously suggested that the photoenhanced uptake of ozone by Ti-containing minerals may 

also occur via the photocleavage of the SS–O bond shown in R3, which would regenerate the 

surface sites required for sustained ozone uptake;31 this ozone loss pathway may also be active 

here. 

3.4 Atmospheric implications 
 
In this study, we present observations of ozone uptake by Icelandic volcanic dust as a function 

of ozone mixing ratio and RH under dark and illuminated conditions. To assess the overall 

influence of volcanic PM on ozone concentrations in Iceland, we consider the following two 

equations, which allow us to compare the ozone flux to the ground surface (Fgrd, mol m–2 s–1) 

with the ozone flux to volcanic PM (FPM, mol m–2 s–1) present in a well-mixed overlying 

atmospheric volume80 

 

𝐹2+3 	=	– 𝑉3[𝑂$] ×	10–5 

 

𝐹6'+ 	= 	
< 𝑐 > 𝛾/01

4 𝐴ℎ[𝑂$] × 10–7	 

 

Here, Vd is the deposition velocity of ozone (cm s–1), [O3] is the mixing ratio of ozone (mol m–

3), <c> is the mean thermal velocity of ozone (m s–1), γBET is the steady-state surface area-scaled 

uptake coefficient for ozone obtained in this study, A is the total surface area of volcanic PM 

(μm2 cm–3), and h is the atmospheric mixing height (m). 

Using these equations, we apply a similar approach to Li et al.80 to determine the volcanic PM 

loading required for the PM-mediated ozone loss to equal 10% of its loss to the ground surface 

(i.e., FPM = 0.1Fgrd). Assuming an ozone deposition velocity of 0.15 cm s–1; a γBET value of  

5 × 10–8, which is similar to the value we report at an ozone mixing ratio of 50 ppb; a mixing 

height of 2000 m; and volcanic PM with diameter = 1 μm and density = 2.7 g cm–3, this 

condition is only satisfied at volcanic PM loadings of nearly 1 mg m–3. We note that these 

(3.5) 

(3.6) 
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calculations may underestimate the required PM loadings, since Icelandic dust is often larger 

than 1 μm in diameter81 and since we would expect even lower γBET values for volcanic PM 

under typical Icelandic weather conditions (∼60–80% RH).82 

Although these results suggest that volcanic dust chemistry likely only influences ozone 

mixing ratios during extreme dust events, several caveats remain. First, as discussed previously, 

because the surface area presented by the dust film in the coated-wall flow tube employed 

here is most likely lower than the surface area of the equivalent mass of the powdered sample, 

the γBET values reported here represent lower limits for the magnitude of ozone uptake by 

Mýrdalssandur dust. Second, during periods when wind speeds are elevated substantially 

above those required for saltation, the atmospheric transit time between dust source regions 

and populated areas may be short enough such that a γBET value intermediate between initial 

and steady-state conditions may more appropriately reflect the reactivity of the transported 

PM.20 Third, the Mýrdalssandur dust sample had certainly been exposed to ambient ozone 

levels prior to its collection, yet still exhibited substantial ozone uptake, which implies that 

it—like mineral dust32,83—may be “reactivated” during periods of low ozone exposure. Fourth, 

the mineralogy of volcanic PM is source-dependent,35,84 so the reactivity of this PM class in 

other volcanically active regions may differ from that reported here. Fifth, as climate change 

is projected to lead to glacial retreat85 and corresponding increases in dust source areas19 and 

dust production,5 the importance of dust–pollutant gas interactions will likely increase in the 

future. 

Finally, we note that the scavenging of halogen species during volcanic eruptions and 

subsequent enrichment of halides on the surface of volcanic PM86 may lead to air quality 

consequences beyond those explored here. For example, the uptake of ozone by sodium 

chloride in the presence of soluble ferric iron can release Cl2 gas,87 a strong atmospheric 

oxidant. Although the solubility of iron in Mýrdalssandur dust is relatively low (∼0.2%), dust 

samples obtained from other Icelandic source regions exhibit higher solubilities.35 In this 

context, we hypothesize that ozone uptake by halide-rich volcanic ash and dust may lead to 



CHAPTER 3.     OZONE PHOTOCHEMISTRY AT THE SURFACE OF VOLCANIC DUST 
 

92 

halogen activation, with concomitant impacts for local oxidative capacities in volcanically 

active regions. 
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4.1 Introduction 

Road dust is a complex mixture of road wear, salts, crustal material, plant debris, and non-

exhaust emissions (e.g., tire and brake wear).1–3 Its emission into the atmosphere is associated 

with major reductions in urban air quality:4–6 in Canada, for example, road dust suspension 

from both paved and unpaved roads contributes nearly half of total annual primary emissions 

of anthropogenic fine particulate matter (PM2.5).7 As countries move toward zero-emission 

public and private fleets to combat the climate crisis,8,9 it is increasingly important to 

understand the air quality and health impacts of road dust and other non-exhaust emission 

sources. 

Our group has previously shown that road dust is a photochemical source of singlet oxygen 

(1O2),10 an important environmental oxidant,11 and can catalyze organosulfate (ROSO3–) 

production.12 These results suggest that road dust photochemistry can alter both the lifetime 

of individual pollutant species and the overall chemical composition of the road dust organic 

fraction. Although these studies have provided insight into the atmospheric reactivity of road 

dust, its heterogeneous chemistry with trace pollutant gases13 is still unknown. 

Many of road dust’s individual components are known to react with ozone,14–18 an important 

atmospheric oxidant, air quality indicator, and regulated pollutant.19 For example, laboratory 

studies have reported uptake of ozone by natural mineral dusts,14–16 humic20 and humic-like17 

material, and PAHs18. In many cases, substrate reactivity toward ozone is higher upon 

illumination; for example, ozone uptake coefficients increase by up to two orders of magnitude 

for humic material20 and ~2× for mineral dust in the presence of light.15 Evidence for this 

reactivity has also been provided by field studies, which have reported substantial reductions 

in ozone mixing ratios during major dust events in northern China21 and in the Canary 

Islands.22 In summary, these results and observations suggest that road dust may represent a 

substantial sink for ozone, and thereby influence its abundance in the urban atmosphere. 
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Recently, road salts in cold-climate regions have been shown to facilitate heterogeneous 

chemistry pathways previously thought to be important only in marine environments.23 For 

example, dinitrogen pentaoxide (N2O5) uptake and subsequent reaction on road salt has been 

used to explain the higher-than-expected mixing ratios for nitryl chloride (ClNO2), an 

important chlorine atom precursor,24 observed at several inland locations during winter and 

spring.23,25–27 Ozone uptake by halide-containing surfaces (e.g., aerosol, snow, ice) has also been 

shown to lead to halogen activation,28 although this pathway is generally thought to be less 

important for chloride compared to bromide and iodide due to its slow reaction with ozone.29 

However, chlorine activation during ozone uptake by chloride-containing surfaces may be 

possible at inland urban locations, where surfaces contain not only salts but also organics, 

heavy metals, and crustal material.1–3  

The application of road salts can be harmful to roadside vegetation,30 contaminate 

groundwater31 and freshwater,32 and cost billions of dollars in vehicle and transportation 

structure corrosion repairs in the U.S. alone.33 In an effort to reduce these negative 

environmental and economic impacts, many municipalities are turning to agro-based anti-icer 

alternatives, including molasses-based anti-icer,34–36 which has several beneficial effects: first, 

it can sequester salts on the road surface, thereby reducing salt content in urban runoff;37 

second, it reduces the dissolution of metals in steel, thereby mitigating the corrosion effects of 

salts;38 third, it depresses the freezing point of brine, thereby improving anti-icer efficacy in 

especially cold climates.39,40 Despite these benefits, agro-based anti-icers also have negative 

environmental impacts: for example, as a result of their high biochemical oxygen demand,41 

their presence in surface runoff can be harmful for aquatic life.42 Chemical interactions at the 

air–anti-icer surface could lead to additional environmental impacts; however, this possibility 

has neither been explored nor considered. 

To assess the air quality impacts of chemistry at the surface of road dust and winter road 

maintenance materials, we explore the uptake of ozone by urban road dust and a commercial 

anti-icing solution. First, we use a custom-built coated-wall flow tube to quantify ozone uptake 
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by road dust as a function of relative humidity (RH) and ozone mixing ratio under dark and 

illuminated conditions. Second, we use a combination of inline trapping and offline analysis 

to quantify halogen release from anti-icer upon exposure to ozone. Together, these results 

show that road dust and anti-icer can serve as an oxidant sink and source, respectively, and 

highlight the need for municipalities to consider the potential indirect air quality impacts of 

road maintenance decisions. 

4.2 Methods 

4.2.1  Photochemical coated-wall flow tube reactor 

Experiments were conducted in a custom-built photochemical coated-wall flow tube reactor, 

which we have previously used to investigate the photochemical uptake of ozone by Ti-

containing minerals15 and commercial brake pad materials.43 In brief, the flow tube consists of 

a water-jacketed Pyrex tube (34.4 cm length, 1.6 cm id, 0.7 cm thickness water jacket), which 

houses a Pyrex insert tube (20.0 cm length, 1.05 cm id) coated with the sample of interest. A 

movable injector, also made of Pyrex (0.6 cm od), is used to control the interaction time of 

ozone and the sample; in this study, all ozone exposure experiments were conducted with the 

injector fully retracted, which corresponds to a gas–surface interaction time of ~1.7 s. The flow 

tube is surrounded by 4 Sylvania 25W BL UV-A lamps (300–410 nm, 𝜆 max: 356 nm); to 

remove interference from ambient light, the entire assembly is enclosed in an opaque box.  The 

photon flux inside the empty flow tube was previously estimated using the photolysis 

frequency of NO2, (𝐽!"!),15 which was determined to be (0.0045 ± 0.0001) s–1; this value is 

similar to wintertime 𝐽!"!values reported for a mid-latitude site.44 

Experiments were performed in a flow of purified air, which was provided by a zero air 

generator (747-30 reactor type A, Aadco Instruments). The output of the zero air generator 

was delivered to three mass flow controllers (MFCs; MC-2SLPM-D/5M, Alicat), which were 

placed upstream of the movable injector and used to control the flows of dry air, ozone (created 

by passing dry air through a UV ozone generator [97-0066-01, UVP]), and wet air (created by 
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passing dry air through a bubbler filled with deionized water). The total combined volumetric 

flow of these MFCs was held constant at 400 sccm. The RH and ozone mixing ratios in the 

flow tube were adjusted by altering the fractions of the total flow from the dry, wet, and ozone 

MFCs. The temperature inside the flow tube was controlled using a recirculating chiller (RTE-

140, Neslab), which was held at 296.5 K; RH was measured in three locations (directly after 

the zero air generator, prior to the flow tube, and at the exit of the flow tube) using in-line RH 

sensors (SHT75, Sensirion). A fourth MFC, which was located at the exit of the flow tube, 

delivered 500 sccm of zero air to provide sufficient flow for the requirements of the ozone 

analyzer (T400, Teledyne).   

4.2.2  Experimental procedure 

4.2.2.1 Sample preparation for coated-wall flow tube experiments 

Road dust-coated Pyrex insert tubes were prepared using a modified version of that reported 

in Abou-Ghanem et al.15 First, ~50 mg of road dust was weighed into a Pyrex insert tube and 

several drops of deionized water were added to form a slurry. Then, a rubber stopper was 

inserted into each end of the insert tube, which was rotated and shaken until all inner surfaces 

were coated with the road dust slurry. Coatings were dried in a uniform manner by placing 

the coated tubes on a hot dog roller (RHD800 Retro Series Hot Dog Roller, Nostalgia Electrics). 

To ensure sufficient time for laminar flow development prior to ozone–surface interaction,45 

the first 5 cm of the dust film was removed with a damp laboratory wipe (Kimberly-Clark 

ProfessionalTM); to avoid areas of uneven coating, the last 1 cm was removed as well. Finally, 

tubes were placed in a gravity oven (100 L, FisherbrandTM) at 324 ± 5 K overnight prior to use. 

The mass of each sample coating was determined by weighing by difference on an analytical 

balance (AB265-S/FACT, Mettler Toledo).  

4.2.2.2 Experimental protocol for coated-wall flow tube experiments 

At the beginning of each experiment, a sample-coated Pyrex insert tube was placed inside the 

reactor and the movable injector was fully pulled back; then, zero air (at the RH to be 

employed in the experiment) was passed over the sample for 30 min. At this point, the injector 
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was pushed in past the sample coating and the ozone generator was turned on. After the ozone 

mixing ratio reached a constant value (+/- ~0.5 ppb; typically 45 min), the injector was fully 

retracted to expose the entire sample coating to ozone. After 3 h, the sample was exposed to 

both ozone and light for 2 h; then, it was exposed to ozone for an additional 1 h in the dark. 

Finally, to verify that the initial ozone mixing ratio was maintained over the course of the 

experiment (i.e., that the ozone generator output was constant), the injector was pushed past 

the sample coating and the ozone mixing ratio was measured for 30 min. At the end of each 

experiment, the ozone generator was turned off and data were recorded for an additional 5 

min. 

4.2.2.3 Chlorine activation experiments 

Chlorine activation experiments were conducted by passing a flow of ozone (~250 ppb in zero 

air, 25% RH) over the sample of interest (i.e., road dust, anti-icer, salt; see Table C.6) and into 

reducing media to convert any inorganic Cl vapor (e.g., Cl2 and HCl) to chloride.46 Chloride 

was then quantified via offline ion chromatography (IC), as described in Appendix C.3.1.  

The experimental apparatus consisted of a Pyrex insert tube with custom-built Teflon 

inlet/outlet inserts, which was placed on a 3D-printed holder. For most experiments, the Pyrex 

tube was wrapped in aluminum foil to avoid any photochemistry induced by ambient light; in 

one experiment using road dust, the dust-coated tube was illuminated using a solar simulator 

(SunLite, Abet Technologies). Since the solar simulator output beam size is smaller than the 

length of the road dust coating, only a portion of the coating was illuminated in this 

experiment; the non-illuminated sections of the tube were wrapped in aluminum foil. To 

remove the small region of the solar simulator spectrum that extends into the blue of the 

actinic region10 and reflect the majority of incoming IR light and thereby minimize sample 

heating, a 295 nm long-pass optical filter (Edmund Optics) and an ultraviolet (UV) hot mirror 

(Edmund Optics) were placed in the solar simulator light path, respectively. Similar to the flow 

tube reactor set-up described in Section 4.2.1, three MFCs were used to control gas flow 

upstream of the tube and a fourth MFC was used to deliver supplementary zero air to meet the 
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volumetric flow requirements of the ozone analyzer, which we used to verify the stability of 

the ozone mixing ratio prior to beginning each set of experiments. Here, to ensure that the 

post-dilution ozone mixing ratio was within the calibrated range of the ozone analyzer, the 

total gas flow through the tube was set to 200 sccm.  

During each experiment, the gas flow from the exit of the tube was directed through an 

aluminum foil-wrapped impinger containing 20 mL of 30 mM sodium bicarbonate (NaHCO3) 

and 0.408 mM of sodium bisulfite (NaHSO3).46 To minimize any sample cross-contamination 

from the experimental system, we thoroughly rinsed the impinger between collection periods 

and analyzed impinger solutions for both coated (sample) and clean (control) tubes. 

Specifically, for each sample/control, we analyzed aliquots (10 mL) of impinger solutions 

collected for each of the following, in order: clean tube (1 h collection), sample-coated tube (3 

h collection), clean tube (1 h collection; ×3). All aliquots were stored at 277 K prior to IC 

analysis. We note that the chloride present in all blank samples (Figure 4.5) is likely from trace 

contamination of sodium bisulfite contained in the impinger solution. 

4.2.3  Determination of uptake coefficients for ozone by road dust 

To quantify the reactivity of each sample with ozone, we used the average ozone mixing ratios 

during the last 5 min of each experimental step (light, dark, and movable injector pushed in; 

see Section 4.2.2.2) to calculate a parameter known as an uptake coefficient (𝛾), which is 

defined as the number of ozone molecules lost from the gas phase divided by the total number 

of ozone collisions with the surface.16 As trace gas uptake by environmental surfaces often 

decreases with increasing exposure time,47 reports of initial and steady-state uptake coefficients 

are both common in the literature.48 Here, to capture the atmospheric reactivity of road dust 

over its entire atmospheric lifetime, we report steady-state values (𝛾SS). However, we note that 

because road dust (like mineral dust14) may undergo reactivation under low-ozone conditions, 

𝛾SS likely represents a lower limit for its environmental reactivity. 
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To determine 𝛾SS for each sample, we first calculate the pseudo-first-order rate constant (kobs) 

for ozone loss using the following equation:47 

𝑘#$% =
	𝑙𝑛 )[𝑂&]'[𝑂&](

-

−𝑡  

Here, [O3]t is the average steady-state ozone mixing ratio (ppb) at the exit of the flow tube with 

the movable injector fully retracted under either dark or light conditions, [O3]0 is the average 

ozone mixing ratio (ppb) with the movable injector fully pushed in (i.e., with no exposure to 

the road dust coating), and t is the ozone–road dust interaction time (s). 

From kobs, we use the following equation to obtain an effective uptake coefficient (𝛾eff) for 

ozone:47 

𝛾)** =	
𝑘#$%𝐷'+$)
< 𝑐 >  

Here, Dtube is the diameter of the Pyrex insert tube (m) and <c> is the mean molecular speed of 

ozone (m s–1) under our experimental conditions.15 To correct for radial diffusion limitations, 

which occur at high 𝛾eff values as a result of ozone depletion near the sample coating surface, 

we apply the KPS method to 𝛾eff as follows:18 

𝛾,#-- =	
𝛾)**

1 −	𝛾)**
3

𝑁./0
)** 	𝐾𝑛

	

Here, 𝛾corr is the diffusion-corrected uptake coefficient, 𝑁./0
)**is	 the	 effective	 Sherwood	

number,	and	Kn	is	the	Knudsen	number.	𝑁./0
)** 	and	Kn	were	estimated	using	the	parameters	

and	experimental	conditions	in	Abou-Ghanem	et	al.15	

The calculations described thus far assume that the surface area of the road dust that is available 

for reaction with ozone can be approximated by the geometric surface area of the coated 

section of the Pyrex insert tube. To include contributions from multiple dust layers, as well as 

the internal surface area of dust particles, we scale all 𝛾corr values as follows:49  

(4.1) 

(4.2) 

(4.3) 
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𝛾123 =	𝛾,#-- ×
𝑆4)#

𝑆123 × 	𝑚
	 

Here, Sgeo is the geometric surface area of the sample-coated section of the Pyrex reaction tube 

(m2); SBET is the Brunauer–Emmett–Teller (BET) specific surface area of our sample  

(BET; m2 g–1), determined as described in Appendix C.3.4; and m is the sample mass (g) in a 

given experiment. We note that the 𝛾BET values calculated as described here likely represent 

lower limits with respect to suspended road dust, as the addition of water during film 

preparation (see Section 4.2.2.1) leads to particle agglomeration, which would reduce the 

specific surface area of particles in the coated tubes as compared to that obtained from nitrogen 

adsorption analysis of the powdered sample.50 

4.2.4  Sample collection, preparation, and characterization 

Road dust samples were collected at a high-traffic location in Treaty 6 territory, the traditional 

lands of First Nations and Métis people (Edmonton, Alberta, Canada; 53°33′6.5′′ N, 

113°29′22.0′′ W) on April 15th, 2019. We have previously demonstrated the photochemical 

production of 1O2 by dust collected from this location.14 All experiments were conducted using 

the <40 µm sample fraction, which we isolated as described in Appendix C.1. 

We report the elemental composition (via inductively coupled plasma mass spectrometry; 

Table C.1); total carbon (TC), total organic carbon (TOC), and total nitrogen content (via dry 

combustion; Table C.3); and BET specific surface areas (via nitrogen adsorption analysis; Table 

C.4) of both road dust and rinsed road dust samples. The anion content (see Table C.2) of road 

dust leachates was quantified using ion chromatography (IC). Detailed procedures for all 

techniques are presented in the Appendix C. 

4.2.5  Chemicals 

Deionized water (18 MΩ.cm) was obtained from a Millipore Synergy UV ultrapure water 

system. Potassium hydroxide (pellets; ACS reagent, 85%), calcium chloride dihydrate 

(BioReagent, ≥99.0%), iron(III) chloride (≥99.99% trace metals basis), and sulfuric acid 

(99.9999% trace metals basis) were obtained from Sigma Aldrich. Methanol (Optima grade, 

(4.4) 
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99.9%), 2-propanol (certified ACS Plus), and sodium bisulfite (certified ACS powder) were 

obtained from Fisher Chemicals. Sodium hydrogen carbonate (Puratronic, 99.998% metals 

basis) was obtained from Alfa Aesar. Concentrated sulfuric acid (reagent grade) was obtained 

from Caledon Laboratory Chemicals. Sparkleen™ was obtained from Fisherbrand. Road Guard 

PlusTM was donated by Tiger Calcium.  

4.3 Results and discussion 

4.3.1  Sample characterization 

Elemental analysis (Table C.1) shows that the largest contributor by mass to the road dust 

sample is Si (~33%) which is consistent with the the application of sand (SiO2) and gravel 

(aluminosilicate minerals) as part of the City of Edmonton’s winter road maintenance plan.51 

These results agree with X-ray diffraction (XRD) data collected by the City in 2015, which 

found the pan fines fraction (<80 µm) of winter street sweepings to consist primarily of quartz 

(SiO2), with minor amounts of dolomite (CaMg(CO3)2), potassium feldspar (K(SiAl3O8)), 

plagioclase feldspar (Na(AlSi3O8)), calcite (CaCO3), illite (KAl2(OH)2(AlSi3(O,OH)10), and 

kaolinite (Al4Si4O10(OH)8).52  

As shown in Table C.2, the chloride content in combined road dust aqueous leachates 

contributes to ~3% of bulk road dust sample mass, which is orders of magnitude higher than 

those reported for lower-latitude urban areas.6,53 The enrichment of chloride in the road dust 

sample used in this study likely reflects the influence of road salt, which is also applied in 

Edmonton as part of winter road maintenance.51 We also determined the chloride content of 

individual leachate samples (i.e., rinses 1–7; see Figure C.1). Interestingly, as shown in Figure 

C.2, the chloride content of each of these samples was higher than expected based on our 

rinsing protocol (see Appendix C.2.1). These results imply that small amounts of residual 

chloride can remain in road dust despite its aqueous solubility, even after instances of heavy 

precipitation.  
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The Edmonton winters of 2018 and 2019 were unique because Road Guard Plus™, an anti-

icer solution containing CaCl2, MgCl2, NaCl, KCl, and a proprietary salt dissolution inhibitor,54 

was also used for road maintenance.55 As of Winter 2020, Edmonton has limited anti-icer use 

to specific purposes;56 however, its application remains common worldwide.57 As the primary 

salt in Road Guard Plus™ is CaCl2 (25–27%),54 we hypothesized that the Ca content of the road 

dust sample would decrease with rinsing. However, as shown in Table C.1, whereas Na in the 

rinsed sample is significantly lower than in the unrinsed sample, the Ca content of both 

samples is similar. This result suggests that residual road salt remained the dominant source of 

chloride in springtime Edmonton road dust, even during years when both anti-icer and road 

salt were applied. 

As shown in Table C.3, road dust carbon (TC; 5.6%) is primarily present as organic carbon 

(TOC; 4.2%). These TC and TOC values are similar to those obtained for road dust collected in 

September 2016 from the same location,10 and generally in line with observations in other 

urban locations.3 Extensive rinsing (7×) leads to only a small decrease (~0.4%) in the TOC 

content of the sample, which means that most of the organic carbon fraction is only slightly 

soluble in water. Although characterization of the road dust organic fraction is beyond the 

scope of this work, results from previous studies suggest that it likely includes humic-like 

material from soil58 and organic material (e.g., microplastics and fibre binders) from non-

exhaust emissions (e.g., tire and brake wear debris).2,59 

4.3.2  Heterogeneous reactivity of road dust with ozone 

As shown in Figure 4.1, the retraction of the movable injector is accompanied by an immediate 

drop in the ozone mixing ratio measured at the exit of the flow tube, followed by a slow 

increase toward a steady-state (i.e., plateau) value lower than the ozone mixing ratio in the 

absence of dust. The observed sustained ozone uptake persists for the entire time ozone is 

exposed to road dust. Illumination of the flow tube results in a further decrease in the ozone 

mixing ratio, which indicates that road dust contains photoactive materials.  
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Figure 4.1: Reaction profile of ozone with road dust at 25% RH. The blue and yellow regions 
of the plot indicate periods during which road dust was exposed to ozone under dark and 
illuminated conditions, respectively. 

 

4.3.2.1 Influence of road dust mass 

As shown in Figure 4.2, 𝛾corr  increases with increasing road dust mass (~12–85 mg) under both 

dark and light conditions. Previous studies of trace gas uptake by dust have demonstrated that 

𝛾corr  will increase linearly with increasing sample mass until the point at which the dust coating 

becomes too thick for gases to access the total surface area available for uptake, after which 

𝛾corr remains constant.49,60 Interestingly, for the 85 mg sample, we observe a positive deviation 

from linearity (Figure 4.2a). This observation likely arises from the fact that higher road dust 

mass loadings provide a larger number of available non-regenerative surface sites, which 

require longer ozone exposure times for deactivation; as a result, our use of the same 

experimental time intervals for all samples likely results in overestimates of ozone loss at 

steady-state and, by extension, positive biases in 𝛾corr for higher sample masses. Further 

evidence for the importance of coating thickness is provided by the decrease in 

𝛾,#--"#$%&/𝛾,#--'()* with increasing sample mass (Figure 4.2b), which indicates that light 

transmission through the sample is limited at higher masses. Given these results, we conducted 
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the remainder of our experiments with masses between 20–40 mg, which are within the linear 

range of our mass dependence experiments.  

Figure 4.2: a) 𝛾corr  for ozone uptake by road dust (50 ppb ozone, 25% RH) as a function of 
sample mass (n = 7) under dark (open blue circles) and illuminated (open yellow circles) 
conditions. The error bars represent the experimental error for each individual experiment, 
which includes uncertainties from the ozone analyzer and sample mass (in most cases, the 
error bars are too small to be seen); and b) 𝛾,#--"#$%&/𝛾,#--'()*for ozone uptake by road dust 
(25% RH) as a function of sample mass. The error bars represent the experimental error for 
each individual experiment, which includes uncertainties from the ozone analyzer and 
sample mass. 
 

4.3.2.2 Influence of ozone mixing ratios 

As illustrated in Figure 4.3, 𝛾BET  decays exponentially as a function of ozone mixing ratio under 

both dark and illuminated conditions. This relationship implies that ozone uptake by road dust 

follows a Langmuir–Hinshelwood mechanism, in which saturation of surface sites at higher 

ozone mixing ratios results in lower kobs values.61 This mechanism has previously been reported 

for major components of road dust including metal oxides,49,62–64 natural mineral dust,14 clays,65 

humic material,20,66 and aqueous salts.67  

a) b) 
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Figure 4.3: 𝛾BET for ozone uptake by road dust (25% RH) as a function of ozone mixing ratio 
under dark (open blue circles) and illuminated (open yellow circles) conditions. The error bars 
represent the experimental error for each individual experiment, which includes uncertainties 
from the ozone analyzer and sample mass. The dashed lines indicate an exponential fit to the 
plotted points. 

 

4.3.3  Sustained uptake of ozone by road dust under dark conditions 

4.3.3.1 Mechanistic discussion 

As shown in Figure 4.1, ozone uptake by road dust is sustained for several hours. This 

observation is consistent with the mechanism suggested by other authors for ozone uptake by 

crustal material (e.g., metal oxides);64,68 in the following equations, SS represents a Lewis acid 

surface site for ozone adsorption:  

 

 O3 + SS          →                  SS–O + O2           (4.1) 

         SS--–O + O3                →                  SS-–O2 + O2                                                                     (4.2) 

         SS-–O2                       →                  SS + O2                                                                                  (4.3) 

         2(SS–O)                   →                  2 SS + O2                                             (4.4) 

 

Here, Reaction 4.1 and 4.2 lead to the loss of ozone from the gas-phase and Reactions 4.3 and 

4.4 lead to the regeneration of active surface sites, which is needed for sustained ozone uptake.  
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As road dust is more chemically complex than mineral dust, its interactions with ozone likely 

reflect contributions from additional constituents. For example, road dust contains humic-like 

material,58 polycyclic aromatic hydrocarbons (PAHs),69,70 and soot,71 all of which demonstrate 

sustained ozone uptake.17,18,72,73 In addition, as discussed in Section 4.3.1, the road dust sample 

studied here is abundant in salt; although ozone uptake by NaCl alone is negligible,74 it is 

significantly enhanced in the presence of water-soluble Fe3+.75 This enhancement may also 

occur with salt-rich road dust, as vehicular exhaust76 and crustal material77 can both contain 

water-soluble Fe3+. Finally, road dust contains a variety of anthropogenic metals (Table C.1), 

which may also facilitate ozone uptake; to date, however, the reactivity of these substrates has 

not been explored. 

4.3.3.2 Comparison to previous literature  

As illustrated in Figure 4.4, 𝛾BET  for ozone uptake by road dust is (8.6 ± 1.5) × 10–8 at 25% RH 

and 50 ppb of ozone. This value is between those previously reported for road dust-relevant 

substrates; for example, the 𝛾BET  reported here is 2.4 and 3.9× larger than those obtained by our 

group for natural mineral dust samples collected from Cape Verde and the Gobi Desert, 

respectively,13 and generally lower than 𝛾 values obtained for other individual components of 

road dust, including humic material (𝛾 ~10–6),20  humic-like material (𝛾 ~10–6),17 NaCl and sea 

spray aerosol mixed with water-soluble Fe3+ (𝛾 ~10–6),75 and soot (𝛾BET ~10–7).73  

4.3.4  Photoenhanced uptake of ozone by road dust 

As illustrated in Figure 4.4, 𝛾BET  for ozone uptake by road dust at 25% RH increases from  

(8.6 ± 1.5) × 10–8 to (2.2 ± 0.3) × 10–7 upon illumination. As was the case for road dust under 

dark conditions, this observation likely reflects contributions from multiple reactive 

components. For example, if the Fe and Ti in road dust (see Table C.1) were present in their 

semi-conducting oxide forms, they could promote the photochemical uptake of ozone.15,43,60,78 

In this mechanism, the absorption of light at wavelengths greater than or equal to the band 

gaps of Fe and Ti oxides results in the formation of an electron–hole pair,79 which initiates a 

chain of reactions that leads to the reduction of ozone.60,78 These oxides have been suggested 
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to be responsible for the photochemistry of mineral dust80 and vehicular brake wear particles.43 

In addition, our group has previously reported photoenhanced uptake of ozone by a broad 

range of Ti-containing minerals, which suggests that other photoactive minerals in the crustal 

fraction of road dust could also contribute to its photoreactivity.15 

The photoreactivity of road dust may also be mediated by photosensitizers in the organic 

fraction of the sample. For example, humic acids,20 humic-like material,17 soot,73 PAHs,18,72 and 

benzophenone (an atmospheric aromatic proxy)81 have all been shown to exhibit light-

enhanced ozone uptake. In these cases, ozone decomposition is believed to occur via reaction 

with 1O2 formed by energy transfer from the electronically excited organic substrate to 

molecular oxygen.81 

 

Figure 4.4: 𝛾BET  values for ozone (50 ppb) uptake by road dust as a function of RH under dark 
(open blue circles) and illuminated (open yellow circles) conditions. The error bars represent 
the experimental error for each individual experiment, which include the uncertainty from 
the ozone analyzer and sample mass. 

 

4.3.5  Influence of relative humidity on ozone uptake by road dust  

Water is an important factor in many atmospheric surface reactions.82 In this context, we 

investigated ozone uptake by road dust as a function of RH. As shown in Figure 4.4, 𝛾BET 

increases with increasing RH under dark conditions. These results contrast with previous 
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studies of ozone uptake by mineral dust,83 mineral dust proxies,15,63–65 volcanic dust,84 and 

PAHs,18,85 which found ozone uptake to decrease or remain unchanged with increasing RH, 

with the former being attributed to competitive adsorption between ozone and water vapour. 

Instead, the observed RH dependence agrees with those reported for humic acid20 and humic-

like material,17 which have been attributed to the exposure of additional surface sites for ozone 

uptake via the molecular expansion of humic acid at higher RH.86  

Under illumination, 𝛾BET decreases with increasing RH (Figure 4.4). Although studies of 

photoenhanced ozone uptake by mineral dust and mineral dust proxies have reported a variety 

of RH trends, decreases in 𝛾 with increasing RH have consistently been observed for organic 

films;18,20,81 here, researchers have proposed that 1O2 quenching by surface-sorbed water at 

higher RH reduces the likelihood of ozone reacting with 1O2. Although the chemical 

complexity of the road dust sample makes it challenging to identify which components are 

mediating its reactivity under elevated RH conditions, its behaviour is most consistent with 

that of humic material, which suggests that organics play a key role in ozone uptake by road 

dust. 

4.3.6  Influence of water-soluble material on ozone uptake by road dust 

To explore the contribution of water-soluble material to ozone uptake by road dust, we also 

investigated the reactivity of rinsed road dust (rinsing details provided in Appendix C.2.1). As 

demonstrated in Figure C.3, the photoreactivity of rinsed road dust is less than that of the 

parent dust at 25% RH, which could reflect the removal of photoactive humic and humic-like 

material.10,58 In addition, whereas the photoreactivity of the parent sample decreases 

substantially with increasing RH, the photoreactivity of the rinsed sample is only slightly 

lower at 75% RH than at 25% RH. This result is also consistent with the removal of organic 

material, provided that this material—like the humic photosensitizers discussed in the 

previous section—is subject to 1O2 quenching at elevated RH.20,81 At the same time, the weak 

RH dependence for rinsed road dust may also be related to the substantial decrease in salt 

content as a result of rinsing (Table C.1 and Figure C.1), which could reduce the hygroscopicity 



CHAPTER 4.     HETEROGENEOUS CHEMISTRY OF URBAN ROAD DUST AND ANTI-ICER 115 

of the sample87 and potentially suppress these RH effects for any remaining photoactive organic 

material. 

Given these interesting but somewhat inconclusive results, we also explored the role of road 

salts and organic material more directly through examining the uptake of ozone by the 

following samples, all under elevated RH conditions: a) CaCl2· 2H2O, the main component of 

the anti-icer solution studied here; b) anti-icer itself; c) road dust doped with CaCl2· 2H2O; and 

d) road dust doped with anti-icer. As CaCl2· 2H2O and anti-icer are both hygroscopic, it was 

not possible to obtain uniform coatings at 70% RH; instead, these samples existed as aqueous 

films at the bottom of the Pyrex insert tubes. In addition, the specific surface areas of CaCl2· 

2H2O or anti-icer coated road dust are likely different from that of road dust itself, which 

precludes the accurate determination of 𝛾BET values. Consequently, we did not calculate 𝛾 for 

these samples, but instead qualitatively compared their individual reaction profiles with ozone.  

As shown in Figure C.4, minimal loss of ozone is observed upon exposure to CaCl2· 2H2O, 

which agrees with results previously reported for NaCl.74 In contrast, significant ozone loss 

occurs in the presence of anti-icer, which suggests that the reactivity of the anti-icing solution 

is driven not by its salt content but instead by its organic fraction. According to the 

manufacturer SDS, the organic fraction of the anti-icer studied here contains 0–10% molasses 

(CAS #: 68476-78-8),54 a viscous, brown liquid produced during the refinement of sugarcane 

or sugar beets that consists of a complex chemical mixture of sugars (>60%), protein, organic 

acids, and lesser quantities of metals, phosphates, sulfates, and chlorides.88 The brown colour 

of molasses largely stems from melanoidins,89 which are high-molecular weight species formed 

by the Maillard reaction between sugars and amino acids.90 Although ozone uptake by molasses 

itself has not been investigated in an atmospheric context, ozone is commonly used to remove 

melanoidins in wastewater from molasses distillation.91 In addition, ozone reacts with many of 

the component classes of molasses, including proteins,92–94 unsaturated organic acids,95,96 metal 

oxides,49,62,64,68 and metals.43 Together, these components are likely responsible for the 

substantial loss of ozone observed with anti-icer. 
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We also examined the influence of CaCl2 · 2H2O and anti-icer on road dust reactivity toward 

ozone. As demonstrated in Figure C.4, ozone loss at the surface of road dust doped with 5% 

(w/w) chloride is less than ozone loss at the surface of road dust doped with 50 ppb (w/w) 

chloride. This observation, which most likely reflects blockage by salt of road dust surface sites 

required for ozone uptake,97 provides further confirmation that salts do not contribute to road 

dust reactivity toward ozone.  Finally, road dust doped with anti-icer displays a much larger 

ozone loss compared to anti-icer alone, which may reflect an increase in the surface area of 

anti-icer in the mixed road dust–anti-icer coatings. 

4.3.7  Chlorine activation during ozone uptake by road dust and winter road maintenance 

  materials 

To assess whether ozone uptake by road dust and winter road maintenance materials can lead 

to chlorine activation, we used an offline analysis technique (see Section 4.2.2.3) to quantify 

inorganic chlorine release from road dust, winter road maintenance materials, and mixtures of 

the two. To avoid contributions from any photochemical processes, we conducted these 

experiments under dark conditions. Detailed descriptions of all samples studied here, as well 

as the motivation for their selection, is provided in Appendix C.2.2 and in Table C.6. We used 

CaCl2· 2H2O mixed with FeCl3 as a positive control in these experiments, based on previous 

observations of gas-phase chlorine formation during ozone uptake by NaCl mixed with water-

soluble Fe3+.75 

As demonstrated in Figure 4.5, impinger chloride concentrations were not elevated above the 

blank values for any road dust samples—whether unmodified or subject to any of the sample 

treatment conditions explored here (i.e., acidification, illumination, rinsing). The same is true 

for CaCl2· 2H2O, the primary salt component in anti-icer. Interestingly, however, in the case 

of anti-icer (and, to a lesser extent, road dust mixed with anti-icer), impinger chloride 

concentrations were elevated substantially above the blank values. These results imply that 

anti-icer can participate in chlorine activation, and that the observed reactivity reflects 

contributions from materials other than salt. 
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Figure 4.5: Chloride content in impinger solutions, as determined by IC analysis. Experiments 
were run in duplicate; each point represents the average value of two experiments, except for 
samples that demonstrated chlorine activation (i.e., anti-icer, CaCl2· 2H2O, and road dust 
mixed with anti-icer), for which we report the chloride content for each individual trial. 

 

We observe the highest impinger chloride concentrations for CaCl2· 2H2O mixed with FeCl3, 

which we used as a positive control.75 Although the original report by Sadanaga et al. did not 

provide a mechanism for chlorine activation, a more recent study attributed enhanced gas-

phase iodine emissions during ozone oxidation of iron-containing aqueous iodide solutions to 

a pH buffering effect, in which scavenging of hydroxide ion by Fe3+ promotes formation of 

HOI and, ultimately, I2.98 The authors of this latter study suggested that chlorine production 

in mixed chloride–iron systems could also be initiated by trace levels of iodide, which may 

have been the case in our experiments.  

Although molasses can contain high levels of Fe (0.1–0.2 mg g–1),99 Fe was not detected in our 

sample (Table C.5), which suggests that chlorine activation via anti-icer proceeds via a 

different mechanism. Given the organic composition of molasses, we propose the following 

pathway: first, ozonolysis of unsaturated species (e.g., melanoidins,91 proteins,92–94 organic 

acids95,96) leads to the formation of primary ozonides, which decompose to produce unstable 



CHAPTER 4.     HETEROGENEOUS CHEMISTRY OF URBAN ROAD DUST AND ANTI-ICER 118 

Criegee intermediates,100 an important source of OH radicals;101–103 second, chloride oxidation 

by OH radicals ultimately leads to the formation of gas-phase chlorine:104 

 

OH●(g) + Cl–         →                  OHCl●–          (4.5) 

          2OHCl●–                →                  Cl2(g) + 2OH–(aq)                                        (4.6) 

 

Although not the primary focus of their study, we note that Faxon and colleagues observed an 

increase in chlorine production during dark ozone uptake by deliquescent NH4Cl in the 

presence of secondary organic aerosol,105 which further supports our proposed chlorine 

activation pathway.  

4.4 Atmospheric significance and conclusion 

In this study, we show for the first time that road dust provides a surface for uptake of trace 

pollutant gases; in particular, we find road dust to be more reactive toward ozone than natural 

dusts (i.e., mineral and volcanic).15,84 This higher reactivity, which likely reflects contributions 

from the road dust organic fraction, suggests the need for road dust to be considered as distinct 

from dust emitted from crustal sources. To predict the overall impact of suspended road dust 

on urban ozone mixing ratios, we compare ozone fluxes to road dust and ground surfaces using 

the following equations:106  

 

𝐹4-5 	=	– 𝑉5[𝑋4] ×	10–7 

 

𝐹8)- 	= 	
𝜔𝛾123
4 𝐴ℎ[𝑋4] × 10–9	 

 

(4.5) 

(4.6) 



CHAPTER 4.     HETEROGENEOUS CHEMISTRY OF URBAN ROAD DUST AND ANTI-ICER 119 

Here, Vd is the deposition velocity of ozone (cm s–1), [Xg] is the mixing ratio of ozone (mol m–

3), ω is the mean thermal velocity of ozone (m s–1), 𝛾BET  is the steady-state surface area-scaled 

uptake coefficient for ozone with road dust, A is the total surface area of road dust PM  

(µm2 cm–3), and h is the atmospheric mixing height (m).  

Assuming an ozone deposition velocity of 0.15 cm s–1, a 50 ppb ozone mixing ratio; a 𝛾BET value 

of 2 × 10–7, a mixing height of 300 m, and road dust PM with diameter = 1 µm and density =  

2.0 g cm–3,107 a road dust mass loading of ~9.6 mg m–3 would be required for the ozone flux to 

suspended road dust to equal 10% of its flux to the ground (i.e., Faer  = 0.1Fgrd). However, there 

are several caveats to this conclusion: first, we use the steady-state 𝛾BET value here, which 

underestimates the reactivity of road dust at shorter ozone exposure times; second, since the 

composition of road dust varies with both season (e.g., via loss of water-soluble material during 

spring melt, changes in contributions of individual components) and location,108 ozone uptake 

by road dust may also vary. Nonetheless, as road dust mass loadings are typically orders of 

magnitude lower than this value,109 we conclude that suspended road dust is not reactive 

enough to influence ozone mixing ratios in the urban atmosphere. Of course, since the 

deposition velocity of ozone at the road surface also in part reflects its reactivity with road 

dust, this comparison inherently underestimates this substrate’s overall impact. 

Interestingly, ozone exhibits substantial and sustained loss to the surface of anti-icer; although 

our specific experimental set-up limited our ability to determine reliable uptake coefficients 

for this substrate, our qualitative results indicate that road surface uptake may be an important 

ozone loss pathway in wintertime urban environments. Furthermore, ozone uptake by anti-

icer leads to the release of inorganic chlorine, which we collected using impinger solutions 

containing a reductive trapping agent and detected as chloride via offline IC analysis. We 

propose that this chlorine activation proceeds via ozone oxidation of unsaturated organic 

molecules in anti-icer, which yields reactive radicals (i.e., OH) that can mobilize chloride. As 

our analytical approach does not allow for determination of chlorine speciation, we cannot 

exclude the formation of chlorine-containing species other than Cl2. However, as bromide was 
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below the limit of detection in all impinger solutions analyzed, we can conclude that the 

detected chloride did not originate from the release of mixed halides (e.g. BrCl), which are the 

dominant form of chlorine produced during ozone uptake by snow surfaces.110 

To explore the atmospheric impacts of chlorine activation by anti-icer, we first use measured 

impinger chloride concentrations to determine chlorine mixing ratios in the reactor outflow; 

here, we assume that chlorine is present as Cl2. Using background-subtracted values for each 

individual anti-icer trial presented in Figure 4.5, and assuming constant chlorine release over 

the duration of each experiment, we calculate Cl2 mixing ratios of ~98 and ~425 ppb of Cl2 in 

the gas flow at the exit of the sample-coated Pyrex insert tube. As all experiments were 

conducted in a gas flow containing ~250 ppb ozone, these results imply the possibility of a 

greater-than-unity chlorine yield for this chlorine activation pathway. Finally, we use the 

corresponding surface fluxes from our experiments (0.6 and 2.6 mg m–2 h–1, assuming uniform 

coatings in the Pyrex insert tubes) to obtain a preliminary estimate of chlorine emissions from 

anti-icer treated roads; assuming an ozone mixing ratio of 50 ppb (and that the chlorine yield 

is invariant with ozone concentration, which may not be the case) and a mixing height of 300 

m, these fluxes imply an atmospheric input of  0.2 and 0.9 ppb h–1. 

Finally, chlorine activation has also been observed during N2O5 uptake by by winter road 

maintenance materials (here, road salts); this pathway results in the formation of ClNO2, a 

precursor of reactive atomic chlorine.23 However, this pathway may be suppressed in regions 

where agro-based anti-icers are used, as N2O5 uptake by aqueous PM decreases with increasing 

organic content.111,112 Studies have also shown that organics can reduce ClNO2 yield;113 this 

suppression, which is believed to involve the scavenging of intermediate nitronium ion prior 

to its reaction with chloride,119 is likely especially important for molasses-containing anti-icer, 

as it is both rich in unsaturated organics114 and highly viscous. In addition, N2O5 is depleted 

near the ground surface115 due to reaction of NO3, its precursor, with NO and volatile organic 

compounds emitted from soils and roadways,116,117 which also reduces the likelihood of N2O5 

reacting with anti-icer at the road surface.  
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In summary, we show here for the first time that road dust and winter road maintenance 

materials can serve as both oxidant sinks (via ozone uptake) and sources (via chlorine 

activation). These conclusions highlight the need for cold-climate urban municipalities to 

consider the potential indirect air quality impacts of winter road maintenance strategies. In 

future, we suggest studies to explore chlorine activation by agro-based anti-icing solutions 

using more sensitive, online measurement techniques (e.g., chemical ionization mass 

spectrometry), which will provide a better understanding of emission rates, chlorine 

speciation, and atmospheric fate. Finally, as the organic fraction of anti-icers can also contain 

glycols, formates, acetates, and agro-based products other than molasses,118 a full 

understanding of the air quality impacts of anti-icing solutions will require a comprehensive 

experimental approach. 
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5.1 Introduction 

In this chapter, the design and construction of a custom-built photochemical aerosol flow tube 

is discussed. In addition, this chapter contains preliminary work on the photochemical uptake 

of ozone by organic-coated commercial TiO2 aerosol, which I use as a simple photoactive 

model system for aged mineral dust. I note that the use of commercial TiO2 cannot provide 

quantitative uptake coefficient values suitable for inclusion in atmospheric models, as I have 

shown in Chapter 2 of this thesis that the photoreactivity of commercial TiO2 is larger than 

that of natural Ti-containing minerals. Instead, the goal of this final thesis chapter is to explore 

the influence of organic viscosity and coating thickness on the photochemistry of semi-

conducting materials relevant to mineral dust,1 which can provide insight on the chemical 

evolution of mineral dust photochemistry during atmospheric transport.  

To date, the influence of organic aging on the heterogenous chemistry of dust has only been 

investigated in a few studies. For example, Usher and colleagues demonstrated that 

functionalization of SiO2 particles with C8-alkanes and alkenes can suppress and enhance the 

uptake of ozone, respectively.2 Similarly, Coates Fuentes used a coated-wall flow tube to show 

that ozone uptake by kaolinite increases by nearly two orders of magnitude in the presence of 

monoterpene coatings.3 However, both of these studies investigated ozone uptake under dark 

conditions, which limits our ability to understand the influence of these coatings on dust 

photochemistry. To my best knowledge, this work is the first to investigate the influence of 

organic coatings on mineral dust photochemistry. 

5.2 Experimental  

5.2.1  Photochemical aerosol flow tube reactor 

The custom-built aerosol flow tube photochemical reactor (Figure 5.1) is constructed of Pyrex 

7740 (120 cm length, 4 cm i.d) and vertically mounted in a black plastic box surrounded by 

eight UV-A lamps (21625 F15T8/BLB, Sylvania; 300–410 nm, 𝜆max: 356 nm). The flow tube is 

equipped with a water jacket layer connected to a recirculating chiller (RTE-140, Neslab), 
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which is used to control the temperature inside the reactor. A biocide (chloriamine-T) was 

added to the chiller water to prevent any microbial growth that could absorb UV radiation 

inside the water jacket layer. The absorbance of the chiller water was monitored often to 

ensure that its spectrum in the UV-A region was similar to that of deionized water.  

Dry, purified air generated from a commercial zero air generator (747-30 reactor type A, Aadco 

Instruments) was used for all experiments. Ozone was produced by a UV ozone generator (97-

0066-01, UVP) and measured at the exit of the aerosol flow tube using a photometric ozone 

analyzer (T400, Teledyne). An analogue-to-digital converter (U6, LabJack) was connected to 

the ozone analyzer to collect ozone mixing ratio data (at 5 s intervals) using a custom-built 

LabVIEW program. The aerosol flow tube set-up consists of three MFC’s (MC-2SLPM-D/5M, 

Alicat), which control the flow of ozone in dry air (100 sccm), dry air (300 sscm), and dry air 

through a nebulizer (1000 sccm). The ozone and dry air flow were combined and introduced 

into the flow tube through a ¼ inch stainless steel movable injector. 

A Laskin nebulizer4 was used to aerosolize a TiO2 and deionized water mixture, which was 

continuously stirred with a Teflon-coated stir bar. After, the generated TiO2 aerosol was passed 

through a silica bead diffusion drier to remove any water vapor prior to entering a coating 

apparatus containing an organic coating material of choice (i.e., eicosane or decylcyclohexane; 

selected for their environmental relevance in diesel exhaust emissions5 and minimal reactivity 

with ozone6). The coating apparatus was placed in a water bath, the temperature of which was 

varied from 23–75°C to increase the volatilization of the organic species, and ultimately the 

coating thickness. At the exit of the aerosol flow tube, organic-coated TiO2 aerosol were 

neutralized by a soft X-ray charger (XRC-05, HCT) prior to obtaining their particle size and 

number using a scanning electrical mobility spectrometer ([SEMS]; Brechtel). In all 

experiments, the aerosol flow tube reactor was operated under ambient temperature and 

pressure. 
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Figure 5.1: Schematic of the photochemical aerosol flow tube reactor. 
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5.2.2 Experimental protocol 

At the beginning of each experiment, the gas flow through the nebulizer was by-passed and 

70 mg of eicosane or 0.5 mL of decylcyclohexane was transferred to the coating apparatus. 

During this time, the movable injector was fully retracted, and the ozone generator was turned 

on until a stable ozone signal was reached (~45 min). Afterward, the dry air flow was directed 

through the nebulizer and the water bath temperature was adjusted to 23°C. Then, ozone was 

exposed to organic-coated TiO2 for 30 min in the dark followed by 30 min in the light. This 

exposure procedure was repeated with the water bath held at 50°C and 75°C. Finally, ozone 

uptake by uncoated TiO2 was used as an experimental control. Ozone mixing ratios were 

averaged over the last 2 min in the dark, light, and in the absence of TiO2 aerosol, which are 

used in the calculations described below. 

5.2.3 Data analysis 

To quantify the photochemical uptake of ozone by TiO2, we calculate a steady-state pseudo-

first-order rate constant (𝑘!"#)  for ozone loss using the following equation: 

 

𝑘!"# =
	𝑙𝑛 '[𝑂$]%[𝑂$]&

+

−𝑡  

 

Here, [O3]t is the average steady-state ozone mixing ratio (ppb) at the exit of the flow tube 

under illuminated conditions, [O3]0 is the average steady-state ozone mixing ratio (ppb) in the 

absence of TiO2 aerosol under dark conditions, and t is the residence time of ozone in the flow 

tube (s). 

The obtained 𝑘!"# value can be used to calculate an uptake coefficient (𝛾) using the following 

equation:7 

 

5.1 

5.2 



CHAPTER 5.     DESIGN AND FIRST APPLICATION OF AN AEROSOL FLOW TUBE  135 

𝛾 =
4𝑘!"#

< 𝑐 > 𝑆'
 

 

Here < 𝑐 >	is the mean molecular speed of ozone (cm s–1) and 𝑆' is the total surface area of 

TiO2 particles per unit volume (cm2 cm–3), as determined by SEMS using spherical particle 

assumptions. 

5.3 Results and discussion 

5.3.1 Particle size distribution determined by SEMS 

The particle size distribution of TiO2 aerosol was determining using a SEMS, which uses a 

DMA to classify charged particles based on their electrical mobility and a condensation particle 

counter (CPC) to count the number of particles for a select size bin. As shown in Figure 5.3, 

an increase in the total particle number was observed during periods of illumination, which 

suggests effects from thermophoresis.10 Here, a temperature gradient formed inside the flow 

tube by the cooler wall temperatures generated by the recirculating chiller (20°C) can lead to 

greater migration of TiO2 toward the walls under dark conditions and suggests that the 

temperature of the walls slowly increased during illumination periods, despite use of the 

chiller. To obtain constant TiO2 aerosol loadings throughout the experiment and reduce wall 

loss effects, the chiller water temperature was increased from 20 to 30°C, which was successful 

at reducing thermophoresis effects, as shown by the stable TiO2 aerosol loadings presented in 

Figure 5.3. Finally, generated TiO2 aerosol appear to display a bimodal size distribution of ~700 

and 1500 nm diameter particles, which may be a result of multiply charged particles that can 

be corrected for in future work.   
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Figure 5.2: Total number of TiO2 particles as a function of time. The blue and yellow shaded 
regions indicate periods under dark and illuminated conditions.  
 

 

Figure 5.3: Size distribution of uncoated TiO2 aerosol detected at the exit of the aerosol flow 
tube, as determined using SEMS. 
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5.3.2 Reaction profile of ozone with TiO2  

As shown in Figure 5.2, the ozone mixing ratio under illuminated conditions decreases upon 

exposure to TiO2 aerosol, which has previously been demonstrated in laboratory studies.8,9 This 

decrease in ozone mixing ratio returns back to its original value after the UV-A lamps are 

turned off. Finally, the loss of ozone appears to decrease slightly with increasing coating 

apparatus temperature, which may be a result of cross-contamination from organic material 

used in the alkane-coated TiO2 experiments.  

  

Figure 5.4: Reaction profile of ozone with uncoated TiO2 as a function of coating apparatus 
temperature. The blue and yellow shaded regions indicate time periods of ozone interaction 
with TiO2 under dark and light conditions, respectively.  

 
5.3.3  Suppression of the photochemical uptake of ozone by organic-coated TiO2 

As demonstrated in Figure 5.5, the obtained photochemical uptake coefficients for ozone at 

23°C are similar for uncoated and organic-coated TiO2. These results are likely attributed to 

inefficient volatilization of organic material at lower temperatures; however, as the coating 

apparatus temperature is increased, the uptake of ozone decreases for organic-coated TiO2, 

which suggests that alkane coatings can limit the diffusion of ozone to the photoactive TiO2 

surface. These results agree those obtained by Usher and coworkers, who observed a decrease 

in ozone uptake by C8-alkane functionalized SiO2 compared to untreated SiO2 under dark 

conditions.2 Finally, photoenhanced ozone uptake is most suppressed with decylcyclohexane-
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coated TiO2 (Figure 5.5) and is likely attributed to its higher vapor pressure, which can lead to 

the generation of thicker coatings.  

 

 
Figure 5.5: Uptake coefficients (𝛾) determined for uncoated, eicosane-coated, and 
decylcyclohexane-coated TiO2 as a function of coating apparatus temperature. 
 
 

5.4 Conclusions and future work 

This work provides first evidence for the photochemical suppression of TiO2 aerosol 

photochemistry by alkane coatings. Moving forward, this may require researchers to consider 

the implications of organic aging on the inherent photochemistry of atmospheric dust. The 

next steps for this project will include the transformation of preliminary data to more 

quantitative data through the following considerations and applications: 

• Consideration for TiO2 wall loss effects in the uptake coefficient calculations, which 

are evident due to the observed loss of ozone in the absence of TiO2 aerosol during 

periods of illumination 

• The addition of an in-line radioactive particle neutralizer prior to the aerosol flow tube 

to apply a known charge distribution to reduce TiO2 particle wall loss11  
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• The replacement of the water bath for a more accurate temperature-controlled coating 

apparatus, which I recently constructed with the help of the Department of Chemistry 

machine shop (Figure 5.6)  

• Approximate determination of organic coating thickness by analyzing SEMS data for 

size distribution changes between organic-coated and uncoated TiO2 aerosol 

 

Figure 5.6: The custom-built coating apparatus to be employed in future experiments. 
 
 
This project will also include the exploration of a shorter chain alkane (i.e., heptadecane) 

coating in the future to determine which coating viscosities can suppress the diffusion of ozone 

to the photoactive TiO2 surface. Finally, it would be of interest to also explore a hygroscopic 

coating to investigate the influence of RH on coating viscosity, and ultimately the 

photochemical uptake of ozone.  
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6.1 Summary of thesis results 

The work presented in this thesis advances our current understanding of dust heterogeneous 

chemistry by exploring the reactivity of more atmospherically relevant dust substrates. For 

example, in Chapter 2, I demonstrated that the photoreactivity of a suite of 10 natural Ti-

containing minerals varies between and within mineral phases. In addition, I showed that the 

photoreactivity of commercial TiO2 is orders of magnitude greater than that of naturally 

sourced TiO2. Motivated by these results, in Chapter 3 I focused on the application of elemental 

speciation to infer about the photoactivity of Ti-rich volcanic dust from the Mýrdalssandur 

source region in Iceland. In this chapter, I highlighted that Ti is predominantly contained in 

the non-photoactive glass fraction of the volcanic dust sample, with lesser amounts in 

pyroxene, plagioclase, ilmenite, titanomagnetite, and olivine mineral phases, which explains 

its modest photoreactivity with ozone. Together, these chapters highlight that the elemental 

and mineralogical composition of natural dust cannot be used to accurately predict its 

atmospheric reactivity and consequently, its impacts on AQ. 

In Chapter 4, I investigated the heterogeneous chemistry of urban road dust and anti-icer for 

the first time. Here, I demonstrated that ozone is 3–4× more reactive with road dust than 

desert dust and that road dust reactivity is likely driven by its organic components, which 

suggests that road dust should be considered as its own dust entity. Furthermore, I 

demonstrated the production of inorganic chlorine gas during ozone uptake by commercial 

anti-icer, which I proposed was driven by the reaction of chloride with OH radicals produced 

from ozone oxidation of organic compounds in the molasses fraction of anti-icer. Overall, this 

chapter demonstrates that road dust and winter road maintenance materials in high-latitude 

regions can influence urban AQ by serving as an atmospheric oxidant sink and source, 

respectively.  

In Chapter 5, I presented the design and construction of a photochemical aerosol flow tube 

reactor used to investigate the influence of atmospheric aging on mineral dust photochemistry. 
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In this work, I showed that ozone uptake by TiO2 is suppressed in the presence of organic 

coatings. These results suggest that atmospheric aging can influence the inherent 

photochemistry of mineral dust, which may require us to re-evaluate the AQ impacts of dust–

pollutant interactions.    

6.2 Future research directions 

6.2.1  Heterogeneous chemistry of natural dust 

Moving forward, it will become increasingly important to have a comprehensive 

understanding of dust heterogeneous chemistry, as low-latitude dust emissions are predicted 

to increase in future as a result of desertification from both climate change and land use 

change.1 To accurately capture the AQ implications of these increasing emissions, it will be 

important to move away from using uptake coefficients obtained for mineral dust proxies in 

atmospheric models. Instead, uptake coefficients should be obtained from a wide range of dust 

source regions to include the unique elemental and mineralogical compositional factors 

responsible for each dust substrate reactivity.  

High-latitude dust emissions are also expected to increase in the future due to increasing glacial 

retreat,2 which leads to the exposure of fresh sediments that can be transported into the 

atmosphere by strong winds.3 For example, recent glacial retreat in Ä’äy Chù Valley, Yukon, 

Canada has resulted in 24 hr average PM10 loadings of up 4000 µg m–3 during spring,4 which is 

almost 100× greater than the World Health Organization AQ guidelines.5 However, only the 

heterogeneous chemistry of Icelandic volcanic dust, which is rich in glass, has been explored 

to date.6,7 This leads to major knowledge gaps in the reactivity of other high-latitude dusts, 

especially those that are not volcanic in origin. Not only should these dusts be investigated in 

heterogeneous chemistry laboratory studies, but high-latitude dust source regions also present 

unique opportunities for field work. For example, direct correlations between pollutant gas 

mixing ratios and dust events are easier to elucidate in these regions due to their relatively 

pristine atmospheric conditions. 
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6.2.2  Heterogeneous chemistry of anthropogenic dust 

The contributions of non-exhaust emissions to traffic-related PM are also expected to increase 

in the future as countries move towards zero-emission vehicles.8,9 Although the transition to 

net-zero fleet is aimed to reduce total vehicular PM emissions, the use of electric vehicles, 

which are heavier than conventional vehicles, can increase road abrasion and consequently, 

road dust resuspension.10 As a result, the heterogeneous chemistry of non-exhaust PM will 

become increasingly important in the future. However, to date, the reactivity of this PM class 

has only been studied by our research group; for example, Matchett and coworkers 

investigated the heterogeneous uptake of ozone by ground brake pad material11 and I explored 

the reactivity of road dust in Chapter 4 of this thesis. Therefore, future research should focus 

on the investigation of road dust interactions with different pollutant gases and from various 

urban locations to gain a more comprehensive understanding on the atmospheric reactivity of 

road dust. Finally, no studies have investigated the heterogeneous chemistry of industrial dust, 

which may have specific and local AQ implications based on both the location and type of 

industry. 

6.2.3  Heterogeneous chemistry at the road surface 

The results presented in Chapter 4 can also serve as motivation for future studies of chlorine 

activation during heterogeneous chemistry at the road surface. For example, online chemical 

ionization mass spectrometry (CIMS) could be used to identify and quantify halogen species 

emitted during ozone uptake by anti-icer. In addition, this technique could be used to compare 

the speciation and production rates of halogen gases released during ozone uptake by different 

types of commercially available anti-icer. Finally, chlorine activation at the road surface may 

not be limited to studies of pollutant gas uptake but also from interactions between individual 

components of road material. For example, TiO2, which is commonly used in road marking 

paints12 and as a road coating material for the photochemical removal of pollutant gases emitted 

from vehicular exhaust,13–15 may also initiate the photochemical release of inorganic chlorine 

gas in the presence of anti-icer.16  
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6.2.4 Atmospheric aging implications on dust photochemistry  

In Chapter 5, I presented preliminary results that suggest alkane coatings can suppress TiO2 

photochemistry with ozone. In future, more quantitative results can be achieved by the 

following: 1) considerations of both ozone and TiO2 wall loss effects on the observed ozone 

mixing ratios at the exit of the flow tube, 2) generating more consistent organic coatings by 

using a custom-built temperature-controlled coating apparatus, 3) using SEMS data to estimate 

organic coating thicknesses by looking for changes in particle size distributions of uncoated 

and organic-coated TiO2 aerosol, and 4) the addition of a radioactive particle neutralizer prior 

to the aerosol flow tube to reduce TiO2 wall loss. In addition, experimental expansion of this 

project will include the exploration of shorter chain alkanes coatings (i.e., heptadecane) to 

assess the coating viscosity required to shut-off TiO2 heterogeneous photochemistry. Finally, 

a hygroscopic organic coating could be investigated to explore the influence of RH on TiO2 

photochemistry.  

Aside from this work, future studies should also explore the photochemical uptake of ozone 

by organic-coated naturally sourced mineral dusts to obtain more atmospherically relevant 

uptake coefficients for ozone. In addition, it would be of interest to investigate the influence 

of organic coatings on the photochemical production of HONO during NO2 uptake by TiO2 

and natural mineral dusts.17,18 Suppression of HONO, which is an important precursor for the 

OH radical, may have important influences on the local oxidative capacity of the atmosphere.   

6.2.5 Exploration of halogen activation by halide-rich dust 

Future studies should also move towards exploring halogen activation during halide-rich dust–

pollutant interactions. These substrates may include:  

• Volcanic PM, which can be rich in chloride from in-plume processing with co-emitted 

halogen gases19 

• Playas20 or transoceanic mineral dust,21 which are often found internally mixed with 

sea salt 



CHAPTER 6.     CONCLUSIONS AND FUTURE DIRECTIONS 146 

• High-latitude road dust, which contains road salt22,23  

Recently, studies have shown that the uptake of N2O5 by road salt22 and playas dust24 can lead 

to the production of ClNO2 gas; however, other heterogeneous chemistry pathways may also 

result in halogen activation. For example, the formation of Br2 and Cl2 gas during ozone uptake 

by mixed soluble ferric and salt particles25 has remained largely unexplored in the context of 

halide-rich dusts. This pathway may be especially important for atmospherically aged mineral 

dust, which undergo acidic processing by SO2 gas that enhances ferric iron mobilization.26  

Although chlorine activation was not observed for Edmonton road dust (see Chapter 4), the 

offline technique used to measure inorganic chlorine gas in this study may not be sensitive 

enough to detect the production of Cl2 from this pathway; therefore, future work can include 

the use of more sensitive, mass spectrometry techniques (e.g., CIMS) to measure halogen 

activation. The results from these studies can help identify potential sources for halogen gases 

and ultimately provide a better understanding of the oxidative capacity of the atmosphere. 
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A.1 Experimental details and sample characterization 

A.1.1  Photochemical coated-wall flow tube reactor 

All experiments were conducted in a newly constructed photochemical coated-wall flow tube 

reactor system under ambient temperature and pressure conditions. A schematic of the system 

is provided in Figure A.1 and the parameters of the flow tube are shown in Table A.1. 

The flow tube itself is constructed of Pyrex 7740 (34.4 cm length, 1.6 cm id, 0.7 cm thickness 

water jacket).  Insert tubes, also constructed from Pyrex 7740 (20.0 cm length, 1.05 cm id), 

were coated with the mineral sample of interest and placed inside the flow tube. Mounted in 

the center of a black plastic box, the flow tube is surrounded by four Sylvania 25W BL UV-A 

lamps (300–410 nm, lmax: 356 nm). To verify that the light intensity inside the flow tube was 

atmospherically relevant, the photolysis frequency of NO2 (!!"!)  was investigated and found 

to be 0.0045 ± 0.0001 s–1 (see Section A.1.2), which is in the range of the photolysis rate 

constants found in the atmosphere1,2. 

The temperature inside the reactor was controlled by a recirculating chiller (RTE-140, Neslab), 

which was set to 296.5 K. To avoid any microbial growth inside the chiller that could 

potentially absorb UV radiation in the water jacket layer, the common biocide chloramine-T 

was added to the chiller water. The chiller water was frequently monitored to verify that its 

absorbance spectrum in the UV-A range matched that of deionized water.  

Dry, purified zero air for experiments was produced using a commercial zero air generator 

(747-30 reactor type A, Aadco Instruments). Ozone was generated in the dry air flow using a 

commercial ozone generator (97-0066-01, UVP) and monitored at the exit of the flow tube 

using a photometric ozone analyzer (T400, Teledyne). Acquisition of the ozone data was 

accomplished by connecting the ozone analyzer to an analog-to-digital converter (U6, 

LabJack) and collecting the data using a custom-built LabVIEW program at 5 s intervals. 

The flow tube system contains 4 mass flow controllers (MFCs; MC-2SLPM-D/5M, Alicat), 3 of 

which were used to control the flows of ozone in dry air, dry air, and wet air prior to the flow 
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tube. The flow of dry air through the ozone generator was held constant at 100 sccm, and the 

relative humidity (RH) in the flow tube was varied by changing the flow ratio between the 

dry and wet MFCs. Wet air was generated by passing dry air through a water bubbler. RH in 

the system was monitored by 3 in-line humidity/temperature sensors (SHT75, Sensirion), 

which were placed directly after the zero air generator in order to make sure the zero air was 

dry (RH reading of 0.1%), prior to the flow tube, and at the exit of the flow tube; RH values 

prior to and at the exit of the flow tube were always ± 1% of the values reported in our figures 

and text. A customized Arduino was employed to convert RH analog signals into a digital 

output that was collected using a custom-built LabVIEW program at 5 s intervals.  

The total flow upstream of the flow tube was set equal to 400 sccm for all experiments. Since 

the ozone analyzer requires a flow rate of 750 sccm, a fourth MFC was placed at the outlet of 

the flow tube to add an additional mass flow of 500 sccm, with excess flow directed to exhaust; 

all reported ozone concentrations were corrected for this dilution.  

When experiments were not being conducted, the coated-wall flow tube reactor was 

continuously flushed with zero air (400 sccm); in addition, the RH of the zero air flow was 

adjusted as described above at the end of each day to reflect the desired RH for the subsequent 

day’s experiments. 

A.1.2  Determination of NO2 photolysis frequency ("#$") for the flow tube reactor 

Irradiance inside the flow tube was quantified using NO2 actinometry1,2, in which the 

magnitude of production of NO from NO2 upon illumination is used to determine the 

photolysis frequency for NO2,	!!"!. 

In these experiments, which were conducted at ambient temperature and pressure, NO2 (4.93 

ppm ± 5% in N2, Certified Standard, Praxair) was diluted with N2 (5.0 grade, Praxair) upstream 

of the flow tube to lead to a final concentration of ~370 ppb. A Na2CO3 denuder was placed 

upstream of the flow tube to remove any HONO formed in the cylinder regulator or wetted 

parts of the MFCs. The denuder consisted of a sandblasted Pyrex tube (37.5 cm length, 0.635 
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cm outer diameter), the interior surface of which was coated with Na2CO3 solution previously 

prepared by adding 1 g of glycerol and 1 g of Na2CO3 to 50 mL of methanol. The coating 

solution was dripped into the Pyrex tube, which was then dried with N2 (5.0 grade, Praxair) 

prior to use. 

Upon illumination, the increase in NO and decrease in NO2 were measured using a 

chemiluminescence NOx (NO + NO2) analyzer (T200U, Teledyne). To prevent the photolysis 

of NO2 in undesired areas and control the illuminated volume inside the flow tube, all but 8.5 

cm of the length of the flow tube was covered with aluminum foil; in order to ensure the light 

intensity within the reactor was identical to that in our dust photochemistry experiments, 

these experiments were conducted with a Pyrex insert tube placed inside the flow tube. From 

these data, !!"! was obtained as follows2:  

[%&%]&'( = [%&%])*+&, +	
1
2,[%&] 

!!"! =	
,[%&]
[%&%]&'(

	× 	./ ×	
1
0 ×	

1
1 

Here, [%&%])*+&, is the concentration of NO2 at the exit of the illuminated flow tube, Δ[%&] is 
the increase in NO concentration upon illumination, F  is the volumetric flow rate in L s–1, V 

is the illuminated volume of the reactor in L, f represents the quantum yield of NO production, 

and T represents the transmission factor of the lamps through the reactor walls. 

The quantum yield of NO from the photolysis of NO2 in N2 depends on several subsequent 

reactions induced by the formation of NO. Using the principal reactions described in Zafonte 

et al.2, we derive a quantum yield of 1.63 for NO for our experimental conditions, which is in 

good agreement with the values reported by these authors. Finally, we note that we set the 

value of T as unity, because we are interested in measuring the irradiance within the flow tube 

rather than the inherent emission profile of the lamps. 

Experimental protocol for !!"! determination involved first establishing a steady 

concentration of NO2 in the dark (~360 ppb) followed by the following illumination protocol: 

(A.1) 

(A.2) 
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20 min light (1 lamp), 20 min dark, 20 min light (2 lamps), 20 min dark, 20 min light (3 lamps), 

20 min dark, 20 min light (4 lamps), and 20 min dark. This procedure was conducted in 

triplicate, with results shown in Figure A.2. A maximum photolysis frequency of 0.0045 ± 

0.0001 s–1 was obtained for NO2 when all 4 lamps were turned on inside the reactor, which is 

similar to the photolysis frequency of NO2 in the atmosphere and indicates an atmospherically 

relevant irradiance inside the flow tube1,2. 

A.1.3  Experimental details 

A.1.3.1 Pyrex insert tube preparation 

Pyrex insert tubes were cleaned prior to use by first placing each tube in a 1% H2SO4 bath for 

1 min followed by a concentrated base bath for 1 h. After the base bath, the tubes were 

thoroughly rinsed with deionized water and dried in a gravity oven (100L, FisherbrandTM) at 

324 ± 5 K. 

The acid bath was prepared by adding 10 mL of concentrated H2SO4 to 990 mL of deionized 

water. The base bath was prepared by adding 1 L of 2-propanol to 166 mL of deionized water, 

followed by adding 41.7 g of solid KOH pellets and mixing until fully dissolved. 

A.1.3.1.1 Tube coating procedure for natural minerals 

Each coated tube was prepared by adding ~50 mg of Ti-containing mineral to a Pyrex insert 

tube, followed by several drops of deionized water to form a slurry. The tube was then 

stoppered with rubber stoppers (No. 00), rotated until the slurry covered the entire inner 

surface of the tube, and placed on a hot dog roller (RHD800 Retro Series Hot Dog Roller, 

Nostalgia Electrics) at maximum temperature to allow the mineral sample to dry in an even 

layer. After drying, the first 5 cm of one end of the tube and the first 1 cm of the other end 

were wiped clean using moistened laboratory wipes (Kimberly-Clark ProfessionalTM). The 

first 5 cm was wiped to allow the ozone-containing gas flow to achieve laminar flow prior to 

its interaction with the mineral surface (see Table A.1); the last 1 cm was wiped due to the 
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formation of an uneven coating at the tube ends from the use of the stoppers. The coated tubes 

were placed in a gravity oven (100L, FisherbrandTM) at 324 ± 5 K overnight prior to use. 

The mass of mineral inside each Pyrex insert tube was determined by weighing by difference 

on an analytical balance (AB265-S/FACT, Mettler Toledo). Coated tubes were weighed after 

each experiment; then, they were rinsed with a tap water/Sparkleen™ mixture, distilled water, 

methanol, and deionized water, placed in a gravity oven (100L, FisherbrandTM) at 324 ± 5 K 

overnight to dry, and weighed again. 

A.1.3.1.2 Tube coating procedure for TiO2 minerals (commercial and natural) 

For both the commercial and natural TiO2 samples, almost complete depletion of ozone was 

observed upon illumination, which resulted in a diffusion correction of several orders of 

magnitude for g (as discussed in main text of the manuscript). Mixing of TiO2 with 

photochemically inert SiO2 has been previously used to mitigate the effect of significant 

depletion of ozone from the gas-phase reservoir upon exposure to illuminated TiO23; in this 

study, a similar strategy was employed. 

TiO2/SiO2 mixed films were prepared by first sonicating SiO2 in 30 mL of deionized water for 

1 h (2.8 L Ultrasonic Bath, Fisher Scientific) to reduce the agglomeration of SiO2 in the coating 

procedure, then transferring TiO2 powder to the SiO2 suspension. To ensure quantitative TiO2 

transfer, 1 mL of water was used to rinse the weighing tray that contained the TiO2. The 

resultant mixture was stirred with a PTFE stir bar (1 inch, FisherbrandTM) to ensure 

homogeneous mixing of TiO2 and SiO2 particles; after 10 min, 1 mL was pipetted into a Pyrex 

insert tube and the same coating procedure described in Section A.1.3.1.1 was applied. Because 

each TiO2 sample type displayed significantly different reactivity, different TiO2 loadings were 

employed for each TiO2 sample; the masses of both TiO2 and SiO2 used for each sample type 

are shown in Table A.2. 
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A.1.3.2 Experimental protocol 

At the beginning of each experiment, a Pyrex insert tube coated with the mineral substrate of 

interest was placed in the coated-wall flow tube reactor, the movable injector was retracted, 

and the coating was exposed for 30 min to zero air at the experimental RH. Then, the injector 

was pushed in past the mineral coating, preventing exposure of the sample to the gas flow, and 

the ozone generator was turned on. After 45 min, at which point a stable ozone concentration 

was achieved, the injector was pulled back and samples were exposed to ozone. After 1 h of 

dark exposure, samples were illuminated for 1 h; after an additional 30 min of dark exposure, 

the injector was again pushed in in order to verify that there was no drift in ozone 

concentrations throughout the experiment; after 30 min, the ozone generator was turned off 

and ozone concentrations were recorded for an additional 5 min. The average ozone 

concentrations over the last 5 min in the light, dark, and with the injector pushed in were used 

in the calculations described in main text of the manuscript. 

Experiments were performed in triplicate for all minerals at 25% RH; selected reaction profiles 

for each mineral sample are shown in Figures A.3–4. For some minerals, experiments were also 

performed as a function of RH (here, experiments were only performed once at each RH 

value); representative reaction profiles are shown in Figure A.5. 

A.1.3.3 Considerations in calculations of uptake coefficients 

In this work, we quantify the reactivity of ozone with Ti-containing minerals using a quantity 

known as an uptake coefficient (3)4, which is defined as the number of ozone molecules taken 

up by the surface divided by the total number of collisions of ozone molecules with the surface. 

Previous studies of trace gas–dust interactions have reported both initial5–7 and steady-state5,7–

9 uptake coefficients; because the latter is most relevant for the behavior of dust over extended 

timescales in the atmosphere, we report it here. 

In our system, laminar flow conditions (Reynolds number < 2000) and continuum flow regimes 

(Knudsen number << 1) are applicable (see Table A.1); therefore, at high values of 3, where 
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significant depletion of ozone occurs near the sample surface, γ-)) can be limited by the 

diffusion of ozone from the centre of the flow tube to the sample surface. In order to correct 

for underestimations in γ-))   as a result of these radial diffusion limitations, a correction factor 

is applied using the CKD method10 as described in the main text of the manuscript.  We note 

that we chose mineral sample masses such that reported uptake coefficients had a maximum 

correction for radial diffusion of 30% from γ-)). 

A.1.3.3.1 Additional considerations for TiO2 samples 

As described in Section A.1.3.1.2, in order to minimize the need for excessive corrections for 

gas-phase diffusion limitations, we employed TiO2/SiO2 mixed films for all TiO2 samples. 

Because SiO2 itself exhibited non-negligible photochemistry in our experiments, calculations 

were slightly more involved for these mixed films. 

In order to correct for SiO2 reactivity, we calculated !!"# (25% RH) for 3 SiO2 samples with 

similar masses and used the average !!"# value to back-calculate a γ-))value for the mass of 

SiO2 employed in a given TiO2/SiO2 experiment. From the γ-)) thus obtained, we back-

calculated "$%& (s–1) for this mass of SiO2 and subtracted this value from the overall "$%& value 

for the TiO2/SiO2 mixed film. In this way, we were able to obtain a "$%& value for TiO2 alone, 

which we then used to calculate γ-))   and !!"# for TiO2 as described in the previous section. 

Importantly, we used the total surface area of TiO2 alone in these calculations, rather than the 

total surface area of the mixed film. We note that these calculations led to negligible values for 

"$%&  of TiO2 alone under dark conditions; as a result, we do not report dark uptake values for 

TiO2. 

We note that since radial diffusion limitations are independent of sample type and only depend 

on overall loss of ozone onto the surface, γ-)) values for the TiO2/SiO2 mixed films were 

multiplied by the correction factor ratio associated with γ-)) values calculated for the original 
mixed films (i.e., not for the TiO2 fraction alone). 
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A.1.4  Sample treatment, preparation, and characterization 

A.1.4.1 Sample treatment and preparation 

Minerals were analyzed for their purity via visual inspection, electron microprobe analysis 

(EMPA), and X-ray diffraction (XRD). Impurities were identified for each mineral and 

purification treatments were selected accordingly; a summary of all treatments is presented in 

Table A.3. Pictures of mineral samples prior to treatment and preparation are provided in 

Figure A.6. 

Obvious impurities on the outside of mineral samples and impurities that could not be removed 

via chemical treatment (vide infra) were removed using a Dremelâ tool. Rust was removed by 

submersing minerals in a 40 g L–1 solution of SUPER IRON outâ (active ingredients sodium 

hydrosulfite, sodium metabisulfite, and sodium sulfite) for 30 min. CaCO3 was removed by 

placing minerals in 1 M HCl (phlogopite, 1.5 hours; titanite 1, 1 day). After the removal of 

impurities, minerals were rinsed with methanol once and with deionized water 3 times. 

Minerals that were not subjected to these treatments were also rinsed in this manner. 

After minerals underwent purification treatments, they were first broken down using a steel 

percussion mortar and pestle. To remove any steel contamination from use of the percussion 

mortar, a rare earth magnet wrapped in weighing paper was then passed over each broken-

down sample (this was not possible for ilmenite and hastingsite samples, as they also displayed 

magnetic properties). Minerals were then ground using an agate mortar and pestle until they 

had a fine, powder-like appearance. To prevent cross contamination, pure gem-quality 

Brazilian quartz (from Corinto, Brazil) was used to clean the steel percussion and agate mortar 

and pestle between samples by grinding the quartz into a fine powder; afterward, grinding 

equipment was rinsed with ethanol.  

A.1.4.2 Surface area determination 

Prior to gas adsorption analysis, samples were degassed (activated) on a gas adsorption sample 

preparation instrument (Smart VacPrep, Micromeritics); in order to ensure that the measured 
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surface area is reflective of the surface area presented under our experimental conditions, 

degassing was performed in the absence of heat. For activation, each sample was weighed into 

a pre-weighed glass sample tube equipped with filler rod and steel frit ball valve. Samples were 

subsequently activated by evacuating the sample holder at 5.00 mmHg s–1 until a pressure level 

of 1.00 mmHg or lower was achieved; the Smart VacPrep instrument has a needle on the 

vacuum port to open the ball valve. Subsequently the samples were held under unrestricted 

vacuum for 24 h. The sample holders were then backfilled with nitrogen gas, removed from 

the Smart VacPrep instrument, and reweighed. Gas adsorption isotherm data were collected 

at 77 K using nitrogen gas as the probe molecule (3Flex, Micromeritics). Using the MicroActive 

software suite, the data obtained were used to determine the Brunauer–Emmett–Teller (BET) 

accessible surface area by fitting the linear BET equation and ensuring that the 4-point 

criterion was met11. 

A.1.4.3 Electron microprobe analysis 

Electron microprobe analysis was conducted on 2 separate dates because minerals were 

purchased in 2 groups. The first set of minerals analyzed consisted of anatase 1, rutile, ilmenite, 

titanite 1, phlogopite, hastingsite, augite, and epidote. The second set, which was purchased to 

enable us to study the reactivity of samples of the same mineral obtained from different 

locations, consisted of anatase 2 and titanite 2. All EMPA data can be found in Tables A.5–14. 

A.1.4.3.1 Analysis of anatase 1, rutile, ilmenite, titanite 1, phlogopite, hastingsite,  
                augite, and epidote 

An electron microprobe (JXA-8900R, JEOL) was used to examine grains of anatase 1, rutile, 

ilmenite, titanite 1, phlogopite, hastingsite, augite, and epidote, which had been mounted in 

epoxy, polished, and carbon-coated (25 nm thickness) prior to analysis. In addition to back-

scattered electron images, quantitative compositional data were acquired from spot analyses of 

the minerals using wavelength-dispersive spectrometry and Probe for EPMA software12. 

Thirteen elements were measured (Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Zn, and Nb) with 

the following conditions: 20 kV accelerating voltage, 20 nA probe current, and a  
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1 μm beam diameter for all minerals except pholgopite, for which a 5 μm beam was used. Total 

count times of 20 s were used for both peaks and backgrounds for all elements except V, Zn, 

and Nb, for which 30 s was used. The X-ray lines and diffraction crystals were: Na Kα, TAP 

(thallium hydrogen phthalate); Mg Kα, TAP; Al Kα, TAP; Si Kα, TAP; K Kα, PET 

(pentaerythritol); Ca Kα, PET; Ti Kα, PET; V Kα, PET; Cr Kα, PET; Mn Kα, LIF (lithium 

fluoride); Fe Kα, LIF; Zn Kα, LIF; and Nb Lα, PET. Corrections were applied to V for 

interference by Ti, to Cr for interference by V, and to Mn for interference by Cr13. X-ray 

intensity data were reduced following Armstrong (1995)14. The reference standards consisted 

of metals, synthetic inorganic materials, and natural minerals15.  

A.1.4.3.2 Analysis of anatase 2 and titanite 2 

An electron microprobe (SX100, Cameca) was used to examine grains of anatase 2 and titanite 

2, which had been mounted in epoxy, polished, and carbon-coated (25 nm thickness) prior to 

analysis. In addition to back-scattered electron images, quantitative compositional data were 

acquired from spot analyses of the minerals using wavelength-dispersive spectrometry and 

Probe for EPMA software12. Thirteen elements were measured (Na, Mg, Al, Si, K, Ca, Ti, V, 

Cr, Mn, Fe, Zn, and Nb) with the following conditions: 20 kV accelerating voltage, 20 nA 

probe current, and a 1 μm beam diameter. Total count times of 30 s were used for both peaks 

and backgrounds for all elements. The X-ray lines and diffraction crystals were: Na Kα, TAP; 

Mg Kα, TAP; Al Kα, TAP; Si Kα, TAP; K Kα, PET; Ca Kα, PET; Ti Kα, PET; V Kα, PET; Cr 

Kα, PET; Mn Kα, LIF; Fe Kα, LIF; Zn Kα, LIF; and Nb Lα, PET. Corrections were applied to 

V for interference by Ti, to Cr for interference by V, and to Mn for interference by Cr13. 

However, the correction to V was found to be insufficient, based on analysis of reference rutile, 

and so the V data were discarded. The X-ray intensity data were reduced following Armstrong 

(1995)14. The reference standards consisted of metals, synthetic inorganic materials, and 

natural minerals15. 



APPENDIX A.     SUPPLEMENTARY INFORMATION FOR CHAPTER 2 205 

A.1.4.4 X-ray diffraction analysis 

Powder X-ray diffraction (XRD) patterns of the ground mineral samples were collected on a 

Rigaku Ultima IV diffractometer with a Co Ka radiation source operated at 38 kV and 38 mA.  

Phase identification was performed using JADE 9.6 software with the 2019 ICDD Database 

PDF 4+ and 2018-1 ICSD databases16,17. The patterns were analyzed with the TOPAS academic 

software package18. All phases were analyzed with Pawley refinement method19. X-Ray 

diffraction data and refinement fits are shown in Figures A.9–10. The phases and their statistics 

from refinement fits are presented in Table A.15, which also summarizes the results and lists 

the cell parameters of the refined phases from the powder XRD data.   

The refinements in Figures A.9–10 show good visual fits and excellent refinement statistics 

(Table A.15). Ilmenite had no observed impurity peaks in its diffraction pattern (Figure A.10). 

For the rest of the samples, asterisks indicate the most intense impurities observed with the X-

ray diffraction technique. The phlogopite sample exhibited a strong preferred orientation in 

the 0 0 2n direction, which resulted in a strong intensity of the 0 0 2n peaks in the powder 

pattern (Figure A.10).  The samples with major impurity contents (hastingsite and epidote) 

were also analyzed with Pawley fit to identify the presence of secondary phases (see Figure 

A.10). 

Powder diffraction of all anatase (TiO2) samples revealed minor (< 5%) unidentified impurities 

based on a relative intensity comparison (Figure A.7).  The peak at ~32° 2θ could theoretically 
be assigned to rutile; the absence of other rutile phase peaks likely reflects the low abundance 

of this phase. The commercial anatase sample was purchased from a batch with a claimed 

anatase purity of 99.8%; a minor rutile peak was apparent in a quality check diffraction pattern 

collected in 2014 (see Figure A.8). However, Figure A.7 shows multiple other unidentified 

peaks in the powder diffraction pattern for this sample. Since most of the impurities found in 

all 3 anatase samples gave reflections at the same diffraction angles, a single crystal was picked 

from one of the samples (anatase 2) for analysis to check whether these peaks reflected 

impurities within the phase itself or the existence of additional impurity phases. Similarly, 
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titanite 2 (Figure A.10) features 2 unassigned peaks in its diffraction pattern that were not 

present in the diffraction pattern for titanite 1 (Figure A.10).  In order to check if these peaks 

originated from the structure of this particular sample of titanite, a single crystal was picked 

from the mineral sample and analyzed via single crystal diffraction.   

Single crystal diffraction measurements were accomplished using a Bruker PLATFORM 

diffractometer equipped with a SMART APEX II CCD area detector and a graphite-

monochromated Mo Kα radiation source, using ω scans at 8 different ϕ angles with a frame 

width of 0.3° and an exposure time of 10 s per frame. Face-indexed absorption corrections were 

applied20. Structure solution and refinement were carried out using the SHELXTL (version 

6.12) program package21. The results of these analyses are displayed in Tables A.16–20. 

Atomic coordinates and crystallographic details are comparable to other crystallographic 

reports of anatase and titanite crystals; no structural anomalies were observed.  Atomic 

distances from the crystallographic analysis are similar to multiple single crystal diffraction 

reports of these minerals.  In the case of anatase 2, a small excess of electron density on Ti atom 

(0.4 e–/Å3) is in a good agreement with the atomic composition (0.92 Ti + 0.08 Fe) suggested by 

microprobe analysis (Table A.6). Additionally, atomic displacement parameters are slightly 

higher than what would be expected, suggesting negligible mixing in the metal site, which is 

in a good agreement with the microprobe data.  The extra peaks (observed on powder patterns) 

were absent in the single crystal diffraction data, which suggests that these peaks indeed 

belonged to impurity phase(s) and/or Kb diffraction from the anatase phase rather than to 

structural imperfections of the main phase. 

A.1.4.5 UV-Vis diffuse reflectance spectroscopy 

In order to determine the extent to which each Ti-containing mineral sample absorbs light 

within the transmission range of the UV-A lamps in the photoreactor and to obtain their band 

gaps, diffuse reflectance spectra were collected using a UV-Vis-NIR spectrophotometer (Cary, 

5000) equipped with a diffuse reflectance accessory. Spectralon® was used as 100% reflectance 
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standard and spectra were measured from 200–800 nm for all minerals except ilmenite, the 

spectrum of which was measured to 1200 nm, as its absorbance extended into the NIR region. 

Diffuse reflectance data were transformed using the Kubelka–Munk function22:  

5
6 = 	

(1 − 9)%
29  

Here, K is the absorption coefficient, S is the scattering coefficient, and R is the reflectance. 

Band gaps for Ti-containing minerals were determined by plotting the Kubelka–Munk 

function (K/S) against eV, where eV corresponds to the kinetic energy of a single electron at a 

given wavelength, and then taking the intersection between a linear fit of the reflectance dip 

and a horizontal line along the baseline of K/S23. The Kubelka–Munk plots for a selection of 

minerals (with associated band gaps, when possible) are presented in Figure 2.4; the remainder 

of the minerals are shown in Figure A.11. 

A.1.4.6 Scanning electron microscopy 

The size and morphology of a select set of mineral samples—commercial anatase, anatase 1, 

anatase 2, rutile, titanite 1, and titanite 2—were assessed using a field emission scanning 

electron microscope (FESEM, Zeiss Sigma). In order to prepare samples for SEM analysis, a 

small amount (several mg) of each mineral was sprinkled onto carbon tape, which was then 

mounted on an aluminum stub. To reduce the influence of surface charging from the electron 

beam, samples were carbon coated using a sputter coater (EM SCD005, Leica). 

Secondary electron images were collected using in-lens mode at 10 kV at 1000´ magnification, 

except in the case of commercial anatase, which was obtained at 10,000´ magnification due to 

its significantly smaller particle sizes compared to the natural ground minerals. All secondary 

electron images are presented in Figure A.12.  

A.1.5  Chemicals 

Natural minerals were sourced from www.minfind.com and through contact with individual 

vendors. Deionized water (18 MW) was obtained from a Millipore Synergy UV ultrapure water 

system. TiO2 (anatase, 99.8% trace metal basis), KOH (ACS reagent ³ 85%, pellets), and 

(A.3) 
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chloramine T trihydrate (Reag. Ph. Eur. grade) were obtained from Sigma Aldrich. SiO2 

(amorphous fumed, reported surface area 85–115 m2 g–1) was obtained from Alfa Aesar. 

Methanol (Optima grade, 99.9%), 2-propanol (certified ACS Plus), Na2CO3 (anhydrous, 

certified ACS powder), and glycerol (certified ACS) were obtained from Fisher Chemicals. 

Concentrated H2SO4 (reagent grade) and concentrated HCl (reagent grade) were obtained from 

Caledon Laboratory Chemicals. SUPER IRON outâ (Summit Brands) was purchased from 

Canadian Tireâ. Sparkleen™ was purchased from Fisherbrand™. Ethanol (95%) was obtained 

from Commercial Alcohols. Except for the natural mineral samples, which were treated as 

described in Section A.1.4.1, all chemicals were used as received. 

A.2 Supporting results and discussion 

A.2.1  Ozone uptake by Ti-containing minerals under dark conditions 

Although the primary focus of this study was the photochemistry of Ti-containing minerals, 

we also investigated ozone uptake by these minerals under dark conditions. As illustrated in 

Figures A.3–4, ozone exhibited time-dependent uptake to most Ti-containing mineral samples 

under dark conditions. In particular, for most samples, the magnitude of ozone loss decreased 

with increasing sample exposure and eventually reached a plateau value; in other words, the 

concentration of ozone at the exit of the flow tube increased with increasing sample exposure 

and eventually reached a steady state. We note that in some cases, steady-state conditions were 

not reached (e.g., phlogopite, titanite 1, anatase 1, and anatase 2; Figures A.3–4), as we wanted 

to keep the total reaction time similar between experiments; for these minerals, therefore, 

!!"#values represent an upper limit.  

As shown in Figure A.14, !!"#values for our samples under dark conditions were significantly 

lower than values obtained under illumination. Under dark conditions, gBET values spanned 

almost an order of magnitude, with the highest values calculated for ilmenite (7.6 × 10–7) and 

the lowest for epidote ((7.5 ± 1.8) × 10–8). We note that ilmenite displayed 2 distinct types of 

reaction profiles with associated uptake coefficients ((6.9 ± 1.3) × 10–7, n = 3; (2.4 ± 0.6) × 10–7, 
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n = 3); although we are not currently able to definitively explain this behavior, we tentatively 

suggest that it may reflect variable contributions from additional minor mineral phases within 

the sample. If present, these additional mineral phases may have gone undetected during our 

sample characterization procedures, as EMPA results only reflect the elemental abundances in 

spot-selected areas of mineral samples and XRD is not always able to detect minor phases in 

multi-phase samples24.  To compare the reactivity of our minerals to natural dust samples, we 

also measured ozone uptake by Cape Verde dust and Gobi dust; for these samples, !!"#values 

of (2.2 ± 0.2) × 10–8 and (3.6 ± 0.6) × 10–8 were obtained, respectively.  

Ozone uptake by TiO2/SiO2 mixed films under dark conditions was indistinguishable from that 

by SiO2 films, which was itself small. These results agree with the coated-wall flow tube study 

of Nicolas et al., which reported minimal uptake of ozone by TiO2/SiO2 films under dark 

conditions3. As noted in Section A.1.3.3.1, because of the substantial photoreactivity of TiO2 

samples, our films were prepared using low Ti mass fractions (see Table A.2), which implies 

that TiO2 minerals themselves may be measurably reactive toward ozone under dark 

conditions; however, this was not the focus of the present study and is not explored/discussed 

here. 

A.2.1.1 Suggested mechanism for ozone uptake by Ti and Ti-bearing minerals 

The following mechanism has been proposed for the interaction of ozone with metal oxide 

surfaces, where SS represents an active surface site (we note that the importance of Reaction 

A.4 is debated)25,26:  

 O3 + SS  →  SS–O + O2  (A.1) 

 SS–O + O3  →  SS–O2 + O2  (A.2) 

 SS–O2   →  SS + O2  (A.3) 

 2(SS–O)  →  2 SS + O2 (A.4) 
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The saturation of active surface sites via Reactions A.1 and A.2 implies that ozone uptake by 

these samples will eventually become negligible; however, the mechanism also allows for 

regeneration of these sites via Reactions A.3 and A.4, which would lead to sustained (i.e. 

catalytic) ozone loss. Our steady-state ozone concentrations do not return back to their initial 

values prior to sample exposure (see Figures A.3–4), which implies that destruction of ozone 

is catalytic in nature to some degree for all of our samples. This catalytic behavior has been 

previously observed for several natural mineral dusts5,9,27 , clays5,8,29, and metal oxides3,5,28,30,31, 

the latter two of which are commonly used as mineral dust proxies.  

The surface sites (SS) presented in Reactions A.1–4 represent active Lewis acid sites (i.e. surface 

defects in the form of oxygen vacancies) that can promote ozone dissociation and resultant 

formation of surface-bound oxygen atoms; in fact, in the case of volcanic ash, ozone has been 

used as a molecular probe for Lewis acid sites32. The adsorption of ozone at these Lewis acid 

sites has been studied using many surface spectroscopic techniques, including FT-IR33, XPS34, 

Raman26,35,36, and DRIFTS37. The degree to which the catalytic destruction of ozone occurs 

depends greatly on the strength of these Lewis acid sites. For example, previous studies have 

found that the catalytic uptake of ozone by Fe2O3 is greater than by Al2O3, which is in turn 

greater than by SiO25. This trend has been attributed to Fe2O3 having the weakest Lewis acid 

sites—and, by extension, the weakest SS–O2 bonds—which allows for greater regeneration of 

SS30. 

We suggest that similar considerations may be relevant for our sample set, which includes 

minerals with different chemical compositions and crystal structures (i.e., that observed 

reactivity differences may arise from differences in strength of Lewis acid sites). For example, 

ilmenite’s elevated dark reactivity compared to other samples may reflect its elevated Fe 

content (~45%, Table A.8) and consequent availability of Fe cations at its surface. In addition, 

titanite 1’s reactivity (!!"#  = (1.29 ± 0.02) × 10–7) compared to titanite 2 (uptake negligible 

compared to controls, and therefore not reported) may reflect the 4× larger amount of Fe 

detected in the former sample (Tables A.9–10). 
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Fe can easily substitute for Ti in mineral structures due to its similar cation size and charge38.  

Depending on formation processes and conditions (e.g., crystallization environment), 

therefore, we expect titanium-containing minerals in the environment to have different 

abundances of these elements in their crystal structures, and ultimately exhibit different 

reactivities; in other words, we anticipate that the results obtained here are not specific for 

titanite but rather reflective of broader variability in environmental samples. 

A.2.1.2 Comparison of uptake coefficients to previous literature 

Previous laboratory studies investigating the uptake of ozone by natural mineral dusts and 

mineral dust proxies have been conducted using coated-wall flow tubes8,25,29,39, environmental 

chambers30,31, and Knudsen cells5,27,28. Detailed descriptions of these systems are provided in a 

review by Kolb et al.40, but the most significant difference between them is that whereas 

Knudsen cells are operated under molecular flow conditions (i.e., under vacuum), coated-wall 

flow tubes and environmental chambers can be operated at atmospheric pressures. 

Uptake coefficients reported in Knudsen cell studies of dust–ozone interactions are 

significantly larger than those obtained in this work. For example, Hanisch and Crowley 

reported a steady-state BET uptake coefficient of 7 × 10–6 for the uptake of ozone by Saharan 

Desert dust41, which is ~9–90× larger than the values obtained in our experiments for our 

natural Ti-containing mineral samples and 200–300× larger than our Gobi and Saharan dust 

samples, respectively. In the following paragraph, we suggest three possibilities to explain this 

discrepancy.  

First, as recently discussed by Lasne et al., the larger ozone uptake coefficients obtained in 

Knudsen cell experiments could potentially be explained by more favorable regeneration of 

surface sites via decomposition of SS–O2 (Reaction A.3) at lower operating pressures8. Second, 

as noted by Coates Fuentes et al., who reported smaller ozone uptake coefficients for clays in 

their coated-wall flow tube experiments as compared to previous values from Knudsen cell 

experiments, the in situ BET surface area of samples may differ from that measured when 
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samples are present in powder form29. A reduction in the actual BET surface area of our coated 

tubes with respect to the values determined for dry samples would also lead to an 

underestimation in our calculated !!"# values. In the case of ozone uptake by hydrocarbon 

soot, in situ gas adsorption analysis42 has previously been used to address these issues; however, 

this approach would be challenging for our samples, which have significantly lower specific 

surface areas. Third, we show in Section A.2.1.3 for a subset of our mineral samples that the 

uptake of ozone decreases with increasing RH. By extension, we might expect uptake 

coefficients to be higher in low-pressure reactors, where adsorbed water may be more 

thoroughly removed from samples and the number of available surface sites for ozone 

adsorption may be correspondingly increased. 

Uptake coefficients derived from studies conducted at atmospheric pressure are in better 

agreement with our values3,8,25,29–31.  For example, Mogili et al. investigated ozone uptake onto 

a-Al2O3 and a-Fe2O3 as a function of RH and ozone partial pressure in an atmospheric chamber 

and obtained !!"#  values ranging from 1.9 × 10–9 to 1.3 × 10–7 for these samples30. In addition, 

Coates Fuentes et al. studied ozone uptake onto kaolinite, a clay used as a mineral dust proxy, 

using a coated-wall flow tube and found a !!"#  value of 1.9 × 10–8 at RH <1% 29; similar results 

were obtained by Lasne et al.8. Finally, our results for Gobi dust are similar to those reported 

in a previous study of the catalytic uptake of ozone by this substrate in a U-shape fixed-bed 

reactor9. 

A.2.1.3 Influence of relative humidity on ozone uptake 

Although mineral dust is emitted primarily in arid regions, it can be exposed to environments 

of differing RH during atmospheric transport. For example, mineral dust is primarily 

transported across the Atlantic Ocean in the Saharan Air Layer, a dry, warm, air mass; during 

transport, however, tropical disturbances can lead to vertical mixing of this layer with 

underlying cool, moist, tropical Atlantic air and ultimately expose dust to more humid 

environmental conditions43,44. In addition, the mixing between dry, dust-laden air flows and 

more humid air can also occur during dust storm episodes that occur at lower altitudes45. In 
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this context, it is important to understand the influence of water vapour on the reactivity of 

our samples toward ozone. 

Here, we investigated the RH dependence of ozone uptake for all TiO2 minerals studied 

(commercial anatase, anatase 1, anatase 2, and rutile) and for 4 Ti-containing minerals (titanite 

1, titanite 2, phlogopite, and ilmenite). Because we observed minimal loss of ozone for all 

TiO2/SiO2 samples under dark conditions, discussion of the influence of RH on ozone uptake 

by these samples is presented in Section A.2.2.3 (illuminated conditions). In the case of titanite 

2, dark reactivity was small at all RH values (results not shown), so trends in uptake were 

difficult to discern. In the case of ilmenite, the bimodal reactivity described in Chapter 2.1 

precluded reliable interpretation of RH trends. For these reasons, we limit our discussion to 

the influence of RH on ozone uptake by titanite 1 and phlogopite. 

As illustrated in Figure A.5, the loss of ozone at the surface of both titanite 1 and phlogopite 

increased with decreasing RH. At lower RH values, the correction factor for radial diffusion of 

ozone inside the coated-wall flow tube becomes very large; for this reason, we did not calculate 

!!"# values for these experiments. These results agree qualitatively with those obtained in 

previous studies of ozone uptake by metal oxides25,25,31 and clays8,29, and most likely reflect 

competition by water vapour for available surface sites for ozone adsorption46. 

A.2.2  Ozone uptake by TiO2 under illuminated conditions 

A.2.2.1 Mechanistic discussion for photoenhanced ozone uptake by TiO2 

Here, we elaborate on the mechanism proposed by Nicolas et al. for the TiO2-catalyzed uptake 

of ozone (Reactions A.5–13)47:   

TiO2 + hv  →  TiO2 (e– + h+)       (A.5) 

O3 + e–  →  O3•–        (A.6) 

O2 + e–   → O2•–        (A.7) 

O2•– + O3  → O3•– + O2       (A.8) 
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O3•– + H+  → HO3•         (A.9) 

HO3•    → O2 + •OH       (A.10) 

•OH + O3  →  O2 + HO2•       (A.11) 

H2O(ads) + h+  →  2 •OH       (A.12) 

>TiOH + h+  → {>TiOH•}+      (A.13) 

In this mechanism, absorption of light with energy equal to or greater than the band gap of 

TiO2 leads to the formation of an electron–hole pair (Reaction A.5) and initiates a chain of 

reactions that reduce ozone and ultimately result in the release of molecular oxygen (Reactions 

A.6–R11). In this proposed mechanism, ozone can be reduced directly by photogenerated 

electrons (Reaction A.6) or indirectly by superoxide radicals produced from the reduction of 

molecular oxygen by photogenerated electrons (Reactions A.7–8). In both cases, the ozonide 

radical thus produced can decompose to yield hydroxyl radicals (Reactions A.9–10), which can 

in turn lead to further ozone decomposition (Reaction A.11). Under our experimental 

conditions, additional mechanisms for hydroxyl radical production include the reaction of 

photogenerated holes with molecularly adsorbed water (Reaction A.12) and/or the hydrated 

surface of TiO2 (Reaction A.13)48. 

A.2.2.2 Comparison of uptake coefficients to previous literature 

Although this work is the first to study the photochemical uptake of ozone by natural Ti-

containing minerals, several other studies have explored the photochemical uptake of ozone 

by commercial TiO2. Using a coated-wall flow tube, Nicolas et al. obtained a !!"#  value of (2.6 

± 0.4) ´ 10–6 for TiO2/SiO2 mixed films at similar ozone concentrations, RH values, and film 

masses to those employed in our experiments47. This value is much lower than the value we 

obtain in this work (i.e. (1.8 ± 0.3) ´ 10–4). We suggest that this difference may reflect different 

approaches used to calculate !!"#: specifically, because these authors were interested in the 

reactivity of the composite film rather than the reactivity of TiO2 itself, they reported !!"#  

values corrected for the entire surface area of their TiO2/SiO2 mixed films. By contrast, in this 
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work, because we were interested in obtaining !!"# for the TiO2 fraction, we used the surface 

area of TiO2 alone in our calculations (see Section A.1.3.3.1). In another study, Chen et al.31 

used an environmental reaction chamber to obtain a !!"#  value of (2.4 ± 0.1) ´ 10–7, which is 

lower than both the values obtained in this study and those reported by Nicolas et al.31. We 

suggest that this discrepancy likely reflects the use of significantly higher ozone concentrations 

in the reaction chamber than in the flow tube studies, as calculated !!"# values for surface-

mediated reactions display a negative dependence on gas-phase ozone concentrations47. 

Finally, whereas our commercial TiO2 was primarily anatase, the two previous studies used 

Degussa TiO2, which contains both anatase and rutile. Since studies have shown that the 

photoreactivity of mixed TiO2 phases can differ from that of individual TiO2 phases49 , it is also 

possible that the inherent photoreactivity of our TiO2 sample differs from those employed in 

these previous studies. 

A.2.2.3 Influence of relative humidity on ozone uptake 

In order to assess the influence of adsorbed water on the photochemical uptake of ozone by 

our TiO2 samples, we performed experiments at several RH values. As illustrated in Figure 

A.13, anatase 1 exhibits the highest photoreactivity at RH 10%. These results agree with those 

of Nicolas et al., who observed the highest photoreactivity values for TiO2 with ozone at 

intermediate RH values47. They attributed lower photoreactivities under wet conditions to 

competitive adsorption by water vapour, and lower photoreactivities under dry conditions to 

reductions in the quantity of adsorbed water available to generate radical species ((Reaction 

A.12) in the mechanism described in Section A.2.2.1) at the illuminated TiO2 surface47,51. The 

fact that photochemistry still occurs under dry conditions in both of our studies implies that 

the hydrated TiO2 surface itself may also participate in photochemistry (Reaction A.13); 

additional evidence for photochemistry in the absence of water vapour is also provided by 

observations of TiO2-mediated photochemistry under vacuum conditions (i.e. in a 

photochemical Knudsen cell)52.  
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Figure A.13 also shows that the trends in !!"# as a function of RH are mineral-dependent for 

our sample set: specifically, commercial anatase and anatase 2 display the highest 

photoreactivity at RH <0.1%, whereas the photoreactivity of rutile is relatively invariant with 

RH. If the two competing mechanisms described by Nicolas et al.47 are also in operation for 

our samples, these discrepancies imply that our samples may differ in their degree of inherent 

hydration and/or their ability to retain residual water during our (relatively mild) sample 

drying process53. These results again highlight the complexities associated with 

photochemistry at the surface of natural samples, and that observations obtained for model 

systems may not be directly applicable to all environmental substrates. 
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a)  
 

 
 
b) 

 

Figure A.1: Schematic of the photochemical coated-wall flow tube reactor, with a) the movable 
injector pushed in, which prevents the interaction of ozone with mineral samples and b) the 
movable injector pulled back, which allows for interaction between ozone and mineral 
samples. For clarity, only 2 of the 4 UV-A lamps in the apparatus are shown here. 
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Figure A.2: Photolysis frequencies for NO2 (!!"!) inside the flow tube versus the number of 
lamps turned on. Each data point represents the mean of 3 experimental trials, with 1s error 
bars; in some cases, error bars are too small to be seen. The dashed line is a linear fit to the 
experimental data. 
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Figure A.3: Representative reaction profiles of Ti-containing minerals with ozone at 25% RH. The unshaded regions of the profile 
show time periods in which ozone was not exposed to our Ti-containing mineral. The blue and yellow regions of the profile show 
the exposure of ozone to our Ti-containing mineral under dark and illuminated conditions, respectively: a) ilmenite, b) titanite 1, 
c) titanite 2, d) phlogopite, e) hastingsite, f) augite, and g) epidote. 
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Figure A.4: Representative reaction profiles of TiO2/SiO2 mixtures with ozone at 25% RH. The 
unshaded regions of the profile show time periods in which ozone was not exposed to our Ti-
containing mineral. The blue and yellow regions of the profile show the exposure of ozone to 
our Ti-containing mineral under dark and illuminated conditions, respectively: a) commercial 
anatase (0.1 wt. %), b) anatase 1 (1 wt. %), c) anatase 2 (20 wt. %), and d) rutile (10 wt. %). 
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Figure A.5: Reaction profiles of selected Ti-containing minerals with ozone as a function of RH. The unshaded regions of the 
profile show time periods in which ozone was not exposed to our Ti-containing mineral. The blue and yellow regions of the profile 
show the exposure of ozone to our Ti-containing mineral under dark and illuminated conditions, respectively: a) titanite 1 and b) 
phlogopite. 
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Figure A.6: Photographs of natural Ti-containing minerals prior to grinding, with countries of origin listed in parentheses.  
 
 
 
 

anatase 1 
(Pakistan)

titanite 1  
(Canada)
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(Norway)
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(Brazil)

image available at:

http://www.bobgriffis.com/spe
cimen.php?invnum=TN322

image available at:

https://www.weinrichmineralsi
nc.com/products/titanite-
1095662.php
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Figure A.7: Comparison of powder diffraction data of commercial anatase, anatase 1, and 
anatase 2.  Impurity peaks and/or peaks from Kb radiation are indicated with arrows. 
 
 

 
Figure A.8: Anatase purity check from Sigma Aldrich.  The pattern is from the same batch as 
our commercial anatase sample.  Cu radiation source was used for this measurement.  Minor 
rutile peak is at 27.3° 2θ angle. 
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Figure A.9: Pawley refinement fit for TiO2 minerals: commercial anatase, anatase 1, anatase 2, 
and rutile. 
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Figure A.10: Pawley refinement fit for remaining minerals. Ilmenite, titanite 1, titanite 2, 
phlogopite, and augite are fit with only one phase, whereas the hastingsite sample has 
diffraction peaks from hastingsite (black ticks), magnetite (dark grey ticks), and quartz (light 
grey ticks), and the epidote sample has diffraction peaks from epidote (black ticks) and quartz 
(dark grey ticks).  
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Figure A.11: Kubelka–Munk plots for Ti-containing minerals, in some cases with associated band gaps: a) ilmenite, b) phlogopite, 
c) hastingsite, d) augite, and e) epidote. 
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Figure A.12: Secondary electron images collected by FESEM of: a) commercial anatase, b) anatase 1, c) anatase 2, d) rutile, e) titanite 
1, and f) titanite 2. 
 
 
  

a) commercial anatase b) anatase 1 c) anatase 2
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Figure A.13: Influence of relative humidity on light ozone BET uptake coefficients (gBET) for 
TiO2 minerals. Each data point represents 1 trial, except for RH 25%, in which each data point 
represents the mean of 3 trials with 1s error bars. 
 
 

 
Figure A.14: BET uptake coefficients (gBET) under dark and illuminated conditions for ozone at 
RH 25% at the surface of Ti minerals, Ti-bearing minerals, and desert dust samples (Cape Verde 
dust and Gobi dust). Titanite 2 dark uptake was not significantly larger than the blank 
experiments (as discussed in main text of the manuscript). Each data point represents the mean 
of 3 trials with 1s error bars, except for ilmenite, in which each trial (n = 6) is displayed 
individually as this sample appeared to display bimodal reactivity (see Chapter 2.1). 
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Parameter	 Experimental	 Equation	

Temperature	(T)	 296.5	K	 	

Pressure	(P)	 1	atm	 	

Flow	tube	reactor	diameter	(Dreactor)	 1.6	cm	 	

Flow	tube	reactor	length	(Lreactor)	 34.4	cm	 	

Pyrex	insert	tube	diameter	(Dtube)	 1.05	cm	 	

Pyrex	insert	tube	length	(Ltube)	 20	cm	 	

Flow	reactor	cross-sectional	area	(A)	 0.865	cm2	 ! = #$!	

Volumetric	flow	(F)	 0.440	L	min–1	 	

Linear	velocity	(v)	 8.47	cm	s–1	 % = &
!	

Length	of	coated	tube	(L)	 14.0	cm	 	

Residence	time	(t)	 1.6	s	 ' = %
(	

Reynolds	number	(Re)*	 59.3	 )* = 	,	 ×	."#$% 	× %/ 	

Length	to	laminar	flow	(l)10	 2.18	cm	 0 = 0.035 × )* × ."#$% 	

Mean	molecular	velocity	(w)**		 361.6	m	s–1	 5	 = 	68)8#9 	

Ozone	diffusion	coefficient	(D)54	 0.13	cm2	s–2	 	

Mean	free	path	(:)	 105.7	nm	 : = .
5	

Knudsen	number	(Kn)	 2.00	×	10–5	 <= = 2	 × :
."#$%

	

Dimensionless	axial	distance	(z*)10	 0.38	 ?∗ = ? #.2& 	
z	=	axial	distance	of	tube	(L)		
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Effective	Sherwood	number	(@'()%**)10	 3.97	

@'()%**

= 3.6568 + !
(?∗ + D) 	55	

A	=	0.0978	and	B	=	0.0154	

Table A.1: Photochemical coated-wall flow tube parameters. 
*Re calculations require density (r) and viscosity (h) of air, which are taken to be  
1.2 kg m–3 and 1.8 x 10–5 Pa s, respectively at 296.5 K55 
**w calculations require the ideal gas constant (R) and the molar mass of ozone (M), which are 
8.3145 J K–1 mol–1 and 48 x 10–3 kg mol–1 
 
 

Sample	 Mass	of	SiO2	(mg)	 Mass	of	TiO2	(mg)	 TiO2	wt.	%	

Commercial	anatase	 899.2	 0.87	 0.1	

Anatase	1	 891.0	 9.00	 1.0	

Anatase	2	 720	 180.08	 20.0	

Rutile	 809.7	 90.37	 10.0	

Table A.2: TiO2/SiO2 mixtures prepared for each TiO2 sample.  
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Sample	 Dremelâ	 SUPER	IRON	outâ		(0.04	g	mL–1)	 HCl	(1	M)	

Anatase	1	 ✓	 	 	

Anatase	2	 	 	 	

Rutile	 	 	 	

Ilmenite	 	 	 	

Titanite	1	 ✓	 	 ✓	
Titanite	2	 	 	 	

Phlogopite	 ✓	 ✓	 ✓	
Hastingsite	 	 ✓	 	

Augite	 	 ✓	 	

Epidote	 ✓	 ✓	 	

Table A.3: Summary of mineral sample pretreatments. 
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Sample	 BET	surface	area	(m2	g–1)	

Commercial	anatase	 9.6791	

Anatase	1	 3.7258	

Anatase	2	 1.5205	

Rutile	 1.9323	

Ilmenite	 2.0914	

Titanite	1	 1.9616	

Titanite	2	 1.0077	

Phlogopite	 18.7799	

Hastingsite	 1.7424	

Augite	 1.6235	

Epidote	 1.3855	

Silicon	dioxide	 94.5500	
Table A.4: Specific surface areas (BET; m2 g–1) of each mineral sample under study. 
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Table A.5: Elemental composition of anatase 1 as obtained via electron microprobe analysis. In all cases, results less than the 
estimated limit of detection are reported as zero. 
 
 
  

Nb2O5 SiO2 TiO2 ZnO Al2O3 V2O3 Cr2O3 Fe2O3 MnO MgO CaO Na2O K2O Total

0.09 0.00 99.63 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.75

0.07 0.00 100.12 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.27

0.08 0.00 99.19 0.00 0.00 0.10 0.00 0.09 0.00 0.00 0.00 0.00 0.00 99.46
0.07 0.00 99.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.77
0.12 0.02 99.51 0.00 0.01 0.04 0.00 0.03 0.00 0.00 0.00 0.00 0.00 99.73

0.00 0.00 99.30 0.00 0.02 0.06 0.00 0.03 0.00 0.00 0.00 0.00 0.00 99.41

0.00 0.00 99.14 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.01 0.00 0.00 99.26
0.10 0.00 99.14 0.00 0.00 0.10 0.00 0.05 0.00 0.00 0.00 0.00 0.00 99.39

Average 0.07 0.00 99.47 0.00 0.00 0.07 0.00 0.03 0.00 0.00 0.00 0.00 0.00 99.63

Std	Dev. 0.04 0.01 0.34 0.00 0.01 0.04 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.32
Min 0.00 0.00 99.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.26
Max 0.12 0.02 100.12 0.00 0.02 0.11 0.00 0.09 0.00 0.00 0.01 0.00 0.00 100.27
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Table A.6: Elemental composition of anatase 2 as obtained via electron microprobe analysis. In all cases, results less than the 
estimated limit of detection are reported as zero. 
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Table A.7: Elemental composition of rutile as obtained via electron microprobe analysis. In all cases, results less than the estimated 
limit of detection are reported as zero. 
 
 
  

Nb2O5 SiO2 TiO2 ZnO Al2O3 V2O3 Cr2O3 Fe2O3 MnO MgO CaO Na2O K2O Total

0.49 0.00 98.73 0.00 0.04 0.00 0.00 0.68 0.00 0.00 0.00 0.00 0.00 99.94
0.50 0.00 98.74 0.00 0.04 0.05 0.00 0.67 0.00 0.00 0.00 0.00 0.00 100.00
0.54 0.01 98.72 0.00 0.03 0.12 0.00 0.67 0.00 0.00 0.00 0.00 0.00 100.09

0.48 0.00 98.63 0.00 0.03 0.19 0.00 0.66 0.00 0.00 0.00 0.00 0.00 99.99

0.60 0.02 98.74 0.00 0.02 0.12 0.00 0.66 0.00 0.00 0.00 0.00 0.00 100.16
0.52 0.00 98.93 0.00 0.03 0.14 0.00 0.68 0.00 0.00 0.00 0.00 0.00 100.30
0.49 0.00 98.90 0.00 0.04 0.13 0.00 0.68 0.00 0.00 0.00 0.00 0.00 100.24

0.51 0.00 98.86 0.00 0.02 0.14 0.00 0.64 0.00 0.00 0.00 0.00 0.00 100.17

Average 0.52 0.00 98.78 0.00 0.03 0.11 0.00 0.67 0.00 0.00 0.00 0.00 0.00 100.11
Std	Dev. 0.04 0.01 0.10 0.00 0.01 0.06 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.13
Min 0.48 0.00 98.63 0.00 0.02 0.00 0.00 0.64 0.00 0.00 0.00 0.00 0.00 99.94

Max 0.60 0.02 98.93 0.00 0.04 0.19 0.00 0.68 0.00 0.00 0.00 0.00 0.00 100.30
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Table A.8: Elemental composition of ilmenite as obtained via electron microprobe analysis. In all cases, results less than the 
estimated limit of detection are reported as zero. We note that the impurity in the ilmenite sample was not used in the overall 
average for the elemental composition.  
 
 
 
  

Nb2O5 SiO2 TiO2 ZnO Al2O3 V2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total

0.00 0.02 50.01 0.04 0.00 0.00 0.00 46.09 0.66 0.00 0.00 0.00 0.00 96.82
0.00 0.00 50.73 0.00 0.00 0.00 0.00 46.03 0.71 0.00 0.00 0.00 0.00 97.47

0.00 0.00 50.94 0.04 0.00 0.00 0.00 45.86 0.69 0.00 0.00 0.00 0.00 97.53
0.00 0.01 50.10 0.03 0.00 0.00 0.00 46.43 0.69 0.00 0.00 0.00 0.00 97.26
0.47 0.00 51.44 0.00 0.00 0.00 0.00 44.53 0.71 0.00 0.00 0.00 0.00 97.15
0.00 0.00 50.49 0.03 0.00 0.00 0.00 45.87 0.71 0.00 0.00 0.00 0.00 97.1

4.48 0.00 53.50 0.00 0.02 0.06 0.00 38.96 0.60 0.03 0.00 0.00 0.00 97.65
Average 0.71 0.00 51.03 0.02 0.00 0.01 0.00 44.82 0.68 0.00 0.00 0.00 0.00 97.28
Std	Dev. 1.67 0.01 1.19 0.02 0.01 0.02 0.00 2.65 0.04 0.01 0.00 0.00 0.00 0.29

Min 0.00 0.00 50.01 0.00 0.00 0.00 0.00 38.96 0.60 0.00 0.00 0.00 0.00 96.82

Max 4.48 0.02 53.50 0.04 0.02 0.06 0.00 46.43 0.71 0.03 0.00 0.00 0.00 97.65

Impurity 0.00 3.47 14.82 0.00 1.53 0.04 0.00 66.95 0.39 0.14 0.00 0.00 0.00 87.42



APPENDIX A.     SUPPLEMENTARY INFORMATION FOR CHAPTER 2 237 

 
Table A.9: Elemental composition of titanite 1 as obtained via electron microprobe analysis. In all cases, results less than the 
estimated limit of detection are reported as zero. 
 
 
  

Nb2O5 SiO2 TiO2 ZnO Al2O3 V2O3 Cr2O3 Fe2O3 MnO MgO CaO Na2O K2O Total

1.14 30.35 34.98 0.00 1.23 0.00 0.00 2.33 0.08 0.06 27.22 0.30 0.00 97.69
1.08 30.50 34.98 0.00 1.20 0.04 0.00 2.29 0.08 0.04 27.34 0.32 0.00 97.87
1.13 30.12 34.72 0.00 1.23 0.06 0.00 2.30 0.09 0.05 27.22 0.32 0.00 97.24

1.16 30.23 34.86 0.00 1.19 0.04 0.00 2.31 0.09 0.08 27.08 0.29 0.00 97.33

1.11 30.04 34.70 0.00 1.17 0.06 0.00 2.29 0.08 0.06 27.14 0.33 0.00 96.98
0.93 30.23 34.39 0.00 1.27 0.00 0.00 2.38 0.08 0.08 27.24 0.30 0.00 96.90
0.91 30.10 34.51 0.00 1.33 0.06 0.00 2.42 0.08 0.08 27.12 0.29 0.00 96.90

0.98 30.32 34.59 0.00 1.29 0.00 0.00 2.40 0.08 0.07 27.26 0.29 0.00 97.28
Average 1.06 30.24 34.72 0.00 1.24 0.03 0.00 2.34 0.08 0.07 27.20 0.31 0.00 97.27
Std	Dev. 0.10 0.15 0.22 0.00 0.05 0.03 0.00 0.05 0.00 0.02 0.08 0.02 0.00 0.36
Min 0.91 30.04 34.39 0.00 1.17 0.00 0.00 2.29 0.08 0.04 27.08 0.29 0.00 96.90

Max 1.16 30.50 34.98 0.00 1.33 0.06 0.00 2.42 0.09 0.08 27.34 0.33 0.00 97.87
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Table A.10: Elemental composition of titanite 2 as obtained via electron microprobe analysis. In all cases, results less than the 
estimated limit of detection are reported as zero. 
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Table A.11: Elemental composition of phlogopite as obtained via electron microprobe analysis. In all cases, results less than the 
estimated limit of detection are reported as zero. 
 
 
  

Nb2O5 SiO2 TiO2 ZnO Al2O3 V2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total

0.00 42.82 0.92 0.08 11.08 0.00 0.00 6.66 0.13 22.43 0.00 0.43 10.07 94.62
0.00 42.80 0.98 0.08 11.02 0.00 0.00 6.60 0.13 22.23 0.00 0.18 10.51 94.53

0.00 42.85 1.05 0.07 11.20 0.00 0.00 6.80 0.13 22.05 0.00 0.25 10.31 94.71
0.00 42.53 1.02 0.09 11.19 0.00 0.00 6.79 0.12 22.26 0.00 0.34 10.17 94.51
0.00 42.83 1.04 0.07 11.10 0.00 0.00 6.68 0.12 22.13 0.00 0.25 10.39 94.61
0.00 42.68 1.05 0.08 10.95 0.00 0.00 6.79 0.12 22.05 0.00 0.33 10.25 94.30

0.00 42.23 1.07 0.06 11.17 0.00 0.00 6.88 0.14 22.15 0.00 0.36 10.17 94.23
Average 0.00 42.68 1.02 0.08 11.10 0.00 0.00 6.74 0.13 22.19 0.00 0.31 10.27 94.50
Std	Dev. 0.00 0.23 0.05 0.01 0.09 0.00 0.00 0.10 0.01 0.13 0.00 0.08 0.15 0.18

Min 0.00 42.23 0.92 0.06 10.95 0.00 0.00 6.60 0.12 22.05 0.00 0.18 10.07 94.23

Max 0.00 42.85 1.07 0.09 11.20 0.00 0.00 6.88 0.14 22.43 0.00 0.43 10.51 94.71
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Table A.12: Elemental composition of hastingsite as obtained via electron microprobe analysis. In all cases, results less than the 
estimated limit of detection are reported as zero. 
 
 
  

Nb2O5 SiO2 TiO2 ZnO Al2O3 V2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total

0.00 40.95 0.80 0.00 10.59 0.00 0.00 21.01 0.21 8.76 11.17 1.68 2.07 97.24
0.00 40.79 0.77 0.00 10.58 0.00 0.00 20.96 0.23 8.66 11.14 1.63 2.02 96.78
0.00 40.86 0.76 0.03 10.42 0.00 0.00 20.96 0.20 8.64 11.16 1.63 2.02 96.68

0.00 40.72 0.78 0.03 10.43 0.00 0.00 20.98 0.20 8.59 11.08 1.63 2.02 96.46
0.00 40.58 0.76 0.00 10.53 0.00 0.00 21.02 0.21 8.73 11.14 1.67 2.02 96.66
0.00 40.63 0.84 0.03 10.46 0.00 0.00 20.91 0.20 8.62 11.12 1.64 2.07 96.52
0.00 40.75 0.76 0.00 10.37 0.00 0.00 21.00 0.19 8.66 11.11 1.69 2.03 96.56

0.00 40.79 0.81 0.00 10.44 0.00 0.00 21.00 0.22 8.68 11.11 1.64 2.02 96.71
Average 0.00 40.76 0.79 0.01 10.48 0.00 0.00 20.98 0.21 8.67 11.13 1.65 2.03 96.70
Std	Dev. 0.00 0.12 0.03 0.02 0.08 0.00 0.00 0.04 0.01 0.06 0.03 0.02 0.02 0.24

Min 0.00 40.58 0.76 0.00 10.37 0.00 0.00 20.91 0.19 8.59 11.08 1.63 2.02 96.46

Max 0.00 40.95 0.84 0.03 10.59 0.00 0.00 21.02 0.23 8.76 11.17 1.69 2.07 97.24
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Table A.13: Elemental composition of augite as obtained via electron microprobe analysis. In all cases, results less than the 
estimated limit of detection are reported as zero. 
 
 
  

Nb2O5 SiO2 TiO2 ZnO Al2O3 V2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total

0.00 50.90 0.76 0.00 3.39 0.00 0.58 5.81 0.11 16.41 19.70 0.33 0.00 97.99

0.00 51.55 0.64 0.00 2.88 0.00 0.55 5.69 0.13 16.94 19.57 0.34 0.00 98.29
0.00 51.96 0.55 0.00 2.49 0.00 0.67 5.41 0.11 17.32 19.72 0.32 0.00 98.55
0.00 51.55 0.73 0.00 2.98 0.03 0.69 5.45 0.12 16.51 20.15 0.33 0.00 98.54
0.00 51.31 0.77 0.00 3.09 0.06 0.60 5.54 0.12 16.56 20.19 0.37 0.00 98.61

0.00 51.46 0.76 0.00 3.18 0.00 0.61 5.61 0.13 16.61 20.12 0.35 0.00 98.83
0.00 51.74 0.75 0.00 3.38 0.03 0.61 5.70 0.11 16.68 20.20 0.33 0.00 99.53
0.00 52.26 0.75 0.00 3.41 0.00 0.59 5.80 0.13 16.80 20.25 0.37 0.00 100.36

Average 0.00 51.59 0.71 0.00 3.10 0.02 0.61 5.63 0.12 16.73 19.99 0.34 0.00 98.84

Std	Dev. 0.00 0.41 0.08 0.00 0.32 0.02 0.05 0.15 0.01 0.29 0.27 0.02 0.00 0.76
Min 0.00 50.90 0.55 0.00 2.49 0.00 0.55 5.41 0.11 16.41 19.57 0.32 0.00 97.99
Max 0.00 52.26 0.77 0.00 3.41 0.06 0.69 5.81 0.13 17.32 20.25 0.37 0.00 100.36
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Table A.14: Elemental composition of epidote as obtained via electron microprobe analysis. In all cases, results less than the 
estimated limit of detection are reported as zero. 
 
 
  

Nb2O5 SiO2 TiO2 ZnO Al2O3 V2O3 Cr2O3 Fe2O3 MnO MgO CaO Na2O K2O Total

0.00 37.19 0.22 0.00 22.39 0.05 0.00 14.18 0.14 0.03 23.03 0.00 0.00 97.23

0.00 37.03 0.23 0.00 22.62 0.04 0.00 14.13 0.14 0.03 23.16 0.00 0.00 97.38
0.00 37.31 0.17 0.00 22.66 0.05 0.00 14.24 0.14 0.03 23.01 0.00 0.00 97.61
0.00 37.02 0.23 0.00 22.60 0.04 0.00 14.15 0.13 0.04 23.02 0.00 0.00 97.23

0.00 37.20 0.20 0.00 22.63 0.05 0.00 14.18 0.12 0.03 23.03 0.00 0.00 97.44

0.00 37.13 0.20 0.00 22.49 0.04 0.00 14.18 0.11 0.05 23.07 0.00 0.00 97.27
0.00 37.20 0.20 0.00 22.53 0.04 0.00 14.23 0.12 0.03 23.13 0.00 0.00 97.48
0.00 37.19 0.22 0.00 22.38 0.05 0.00 14.34 0.12 0.02 23.13 0.00 0.00 97.45

Average 0.00 37.16 0.21 0.00 22.54 0.05 0.00 14.20 0.13 0.03 23.07 0.00 0.00 97.39
Std	Dev. 0.00 0.10 0.02 0.00 0.11 0.01 0.00 0.07 0.01 0.01 0.06 0.00 0.00 0.14
Min 0.00 37.02 0.17 0.00 22.38 0.04 0.00 14.13 0.11 0.02 23.01 0.00 0.00 97.23
Max 0.00 37.31 0.23 0.00 22.66 0.05 0.00 14.34 0.14 0.05 23.16 0.00 0.00 97.61
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sample	

	

Commercial	
anatase	

Anatase	1	

	

Anatase	2	 Rutile	

space	group	 I41/amd	 (No.	
136)	

I41/amd	(No.	136)	 I41/amd	(No.	136)	 P42/mnm	 (No.	
136)	

a	(Å)	 3.78645(5)	 3.78514(4)	 3.78489(3)	 4.59572(6)	

b(Å)	 3.78645(5)	 3.78514(4)	 3.78489(3)	 4.59572(6)	

c	(Å)	 9.5179(1)	 9.5120(1)	 9.5119(1)	 2.95966(4)	

α,°	 90	 90	 90	 90	

β,°	 90	 90	 90	 90	

γ,°	 90	 90	 90	 90	

T	(K)	 296	 296	 296	 296	

radiation	 Co	Ka,		

Ka1	l=1.78900	Å	

Ka2	l=1.79283	Å	

Co	Ka,		

Ka1	l=1.78900	Å	

Ka2	l=1.79283	Å	

Co	Ka,		

Ka1	l=1.78900	Å	

Ka2	l=1.79283	Å	

Co	Ka,		

Ka1	l=1.78900	Å	

Ka2	l=1.79283	Å	

2q	limits	 20.00–90.00°	 20.00–90.00°	 20.00–90.00°	 20.00–90.00°	

refinement	method	 Pawley	 Pawley	 Pawley	 Pawley	

no.	of	data	collected	 3500	data	points	 3500	data	points	 3500	data	points	 3500	data	points	

no.	 of	 Bragg	
reflections	

14	 14	 14	 13	

no.	of	variables	 27	 27	 27	 27	

residuals	 Rwp	=	0.0472	 Rwp	=	0.0492	 Rwp	=	0.0657	 Rwp	=	0.0482	
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Table A.15. Crystallographic data for Ti-containing sample refinement.  
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Formula	 TiO2	 CaTiSiO5	
Formula	mass	(amu)	 79.90	 196.07	
Space	group	 I41/amd	(No.	136)	 C2/c	(No.	15)	
a	(Å)	 3.806(4)	 6.572(3)	
b	(Å)	 3.806(4)	 8.731(3)	
c	(Å)	 9.576(9)	 7.084(4)	
α,	°	 90	 90	
β,	°	 90	 113.922(4)	
γ,	°	 90	 90	
V	(Å3)	 138.7(2)	 371.6(3)	
Z	 4	 4	
rcalcd	(g	cm–3)	 3.825	 3.505	
T	(K)	 296(2)	 296(2)	
Crystal	dimensions	(mm)	 0.01	´	0.08	´	0.20	 0.05	´	0.12	´	0.14	
Radiation	 Graphite	monochromated	Mo	Ka,	

l	=	0.71073	Å	
µ	(Mo	Ka)	(mm–1)	 5.55	 3.900	
Transmission	factors	 0.3958–	0.9313	 0.6191–0.8441	
2q		limits		 11.54	–	95.74	°	 8.24	–	66.44	°	
Data	collected	 –5£	h	£	5,	–5	£	k	£	5,	–

14	£	l	£	14	
–9£	h	£	10,	–13	£	k	£	13,	–10	
£	l	£	10	

No.	of	data	collected	 917	 2164	
No.	of	unique	data,	including	Fo2	<	0	 84	(Rint	=	0.0370)	 706	(Rint	=	0.0285)	
No.	of	unique	data,	with	Fo2	>	2s(Fo2)	 72	 560	
No.	of	variables	 8	 41	
R(F)	for	Fo2	>	2s(Fo2)	a	 0.0127	 0.0373	
Rw(Fo2)	b	 0.0144	 0.0481	
Goodness	of	fit	 1.231	 1.084	
(Dr)max,	(Dr)min	(e	Å–3)	 0.362,	–	0.448	 0.644,	–	1.262	

     a R(F) = ∑||Fo| – |Fc|| / ∑|Fo|. b Rw(Fo2) = [∑[w(Fo2 – Fc2)2] / ∑wFo4]1/2; w–1 = [σ2(Fo2) + (Ap)2 + Bp],  
   where p = [max(Fo2,0) + 2Fc2] / 3. 
 
Table A.16: Crystallographic data for anatase 2 and titanite 1 single crystals. 
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Position	
	

Wyckoff	
position	

x	 y	 z	 U11	(Å2)		 U22	(Å2)		 U33	(Å2)		

Ti	 4b	 0	 1/4	 3/8	 0.0081(3)	 0.0081(3)	 0.0059(3)	

O	 8e	 0	 1/4	 0.1668(2)	 0.0069(6)	 0.0134(6)	 0.0064(6)	

Table A.17: Atomic coordinates and displacement parameters for anatase 2. 
 
 

Ti	–	O	(×4)	 1.945(2)	

Ti	–	O	(×2)	 1.993(2)	

Ti	–Ti	(×4)	 3.058(2)	
	
Table A.18: Selected interatomic distances (Å) for anatase 2. 
 
 
Position	
	

Wyckoff	
position	

x	 y	 z	 U11	(Å2)		 U22	(Å2)		 U33	(Å2)		

Ti	 4a	 0	 0	 0	 0.0102(3)	 0.0118(3)	 0.0225(4)	

Si	 4e	 0	 0.68280(9)	 1/4	 0.0090(4)	 0.0091(4)	 0.0111(4)	

Ca	 4e	 0	 0.33202(7)	 1/4	 0.0120(3)	 0.0103(3)	 0.0361(5)	

O1	 4e	 0	 0.0721(3)	 1/4	 0.0174(10)	 0.0122(9)	 0.0123(10)	

O2	 8f	 0.3976(2)	 0.28987(16)	 0.3819(2)	 0.0144(7)	 0.0121(7)	 0.0183(8)	

O3	 8f	 0.3141(2)	 0.06639(19)	 0.0897(2)	 0.0141(7)	 0.0147(8)	 0.0177(8)	

Table A.19: Atomic coordinates and displacement parameters for titanite 1. 
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Date Experiment mass (g) length of tube (m) [O3] Initial 
March 25 2019 Titanite1 30mg RH25 O350 0.02266 0.14 52.3 
March 25 2019 Titanite2 30mg RH25 O350 0.03495 0.141 53.2 
March 26 2019 Ilmenite 30mg RH25 O350 0.02331 0.14 52.1 
March 27 2019 Augite 30mg RH25 O350 0.02433 0.14 53.1 
March 27 2019 Magnesioamphibole 30mg RH25 O350 0.03329 0.141 54 
March 29 2019 Hastingsite 30mg RH25 O350 0.02212 0.14 52 
April 2 2019 Titanite1 30mg RH25 O350 0.02168 0.141 49.8 
April 4 2019 Mica 30mg RH25 O350 0.02562 0.142 50.8 
April 5 2019 Hastingsite 30mg RH25 O350 0.01842 0.141 49.7 
April 5 2019 Ilmenite 30mg RH25 O350 0.02054 0.142 50.4 
April 8 2019 Titanite2 30mg RH25 O350 0.03297 0.141 49.9 
April 8 2019 Mica 30mg RH25 O350 0.02341 0.141 51 
April 9 2019 Augite 30mg RH25 O350 0.02136 0.141 50.6 
April 10 2019 Magnesioamphibole 30mg RH25 O350 0.02064 0.141 49.2 
April 10 2019 Titanite1 30mg RH25 O350 0.01967 0.141 50.5 
April 11 2019 Hastingsite 30mg RH25 O350 0.02441 0.14 49.5 
April 12 2019 Ilmenite 30mg RH25 O350 0.04002 0.14 48.4 
April 15 2019 Augite 30mg RH25 O350 0.01994 0.14 50.8 
April 15 2019 Titanite2 30mg RH25 O350 0.01989 0.139 50.4 
April 16 2019 Magnesioamphibole 30mg RH25 O350 0.02443 0.14 49.6 
April 17 2019 Mica 30mg RH25 O350 0.02816 0.141 49.3 
April 17 2019 Ilmenite 30mg RH25 O350 0.01834 0.14 47.9 
April 18 2019 Hastingsite 30mg RH25 O350 0.01879 0.14 49.3 
April 24 2019 Titanite1 30mg RH0 O350 0.02912 0.14 50.1 
April 24 2019 Titanite2 RH0 O350 0.0196 0.14 50.9 
April 25 2019 Ilmenite 30mg RH0 O350 0.00657 0.14 51 
April 25 2019 Mica 30mg RH0 O350 0.01794 0.139 50.8 
April 26 2019 Titanite 1 RH10 0.01697 0.139 49.4 
April 26 2019 Titanite 2 RH10 0.0206 0.14 51.8 
April 29 2019 Mica RH10 0.02249 0.139 50 
April 29 2019 Ilmenite RH10 0.01483 0.14 51 
April 30 2019 Titanite 1 RH50 0.02295 0.141 50 
April 30 2019 Titanite 2 Rh50 0.2768 0.138 49.6 
May 1 2019 Mica RH50 0.02226 0.14 48.5 
May 1 2019 Ilmenite RH50 0.0173 0.139 47.7 
May 2 2019 Ilmenite RH25 0.01289 0.139 51.9 
May 2 2019 SDCV RH25 0.01713 0.141 51.1 
May 3 2019 Gobi RH25 0.01488 0.14 49.9 
May 7 2019 Ilmenite RH25 0.01406 0.14 50.2 
May 7 2019 Fumed SiO2 Trial 1 RH25 0.02197 0.14 51.1 
May 8 2019 Commericial Anatase Trial 1 (5%) 0.0009749 0.141 49.9 
May 8 2019 Commericial Anatase Trial 2 (5%) 0.000822433 0.14 48.8 
May 9 2019 Natural Anatase 1 Trial 1 (5%) 0.000930394 0.14 49.4 
May 9 2019 Natural Anatase 1 Trial 2 (5%) 0.001094757 0.14 51.4 
May 10 2019 Commericial Anatase Trial 1 (2%) 0.000381542 0.14 49.7 
May 10 2019 Commericial Anatase Trial 2 (2%) 0.000370126 0.139 51.2 
May 17 2019 Commercial Antase Trial 1 (0.5%) 9.29819E-05 0.14 49.6 
May 17 2019 Commericial Anatase Trial 2 (0.5%) 8.88561E-05 0.14 50.8 
May 21 2019 Commercial Antase Trial 1 (0.1%) 1.33E-05 0.139 50.1 
May 21 2019 Commercial Antase Trial 2 (0.1%) 1.89839E-05 0.141 50.5 
May 22 2019 Natural Anatase 1 Trial 1 (0.1%) 1.76024E-05 0.141 50.8 
May 22 2019 Natural Anatase 1 Trial 2 (0.1%) 1.56642E-05 0.141 50.7 
May 23 2019 Rutile Trial 1 (10%) 0.001134557 0.139 50.4 
May 24 2019 Natural Anatase 2 Trial 1 (20%) 0.003399208 0.141 48.5 
May 24 2019 Natural Anatase 2 Trial 2 (20%) 0.003191134 0.14  

May 25 2016 Rutile Trial 2 (10%) 0.001345404 0.141 50.7 
May 25 2016 Rutile Trial 3 (10%) 0.00098596 0.139 51.1 
May 26 2019 Natural Anatase 2 Trial 2 (20%) 0.003487239 0.14 50.2 
May 26 2019 Natural Anatase 2 Trial 3 (20%) 0.003137115 0.141 50.8 
May 27 2019 Natural Anatase 1 Trial 3 (0.1%) 1.14E-05 0.139 50.5 
May 27 2019 Commericial Anatase Trial 3 (0.1%) 1.47792E-05 0.14 51.8 
May 28 2019 Fumed SiO2 Trial 2 RH25 0.0181 0.14 49.9 
May 28 2019 Fumed SiO2 Trial 3 RH25 0.02073 0.141 51.9 
May 29 2019 Nat Ana 1 (0.1%) RH0 2.12218E-05 0.139 50.3 
May 29 2019 Com Ana (0.1%) RH0 2.16613E-05 0.14 51.4 
May 30 2019 Rutile (10%) RH0 0.001481953 0.139 50.4 
May 30 2019 Nat Ana 2 (20%) RH0 0.00213876 0.14 50.4 
May 31 2019 Nat Ana 1 (0.1%) RH10 1.79485E-05 0.139 49.7 
May 31 2019 Com Ana (0.1%) RH10 1.76403E-05 0.141 51 
June 3 2019 Rutile (10%) RH10 0.001527134 0.141 50.6 
June 3 2019 Nat Ana 2 (20%) RH10 0.003551262 0.14 48.4 
June 4 2019 Nat Ana 1 (0.1%) RH 50 1.33996E-05 0.141 47.3 
June 4 2019 Com Ana (0.1%) RH50 2.10137E-05 0.141 47.2 
June 5 2019 Rutile (10%) RH50 0.001644606 0.14 47.1 
June 5 2019 Nat Ana 2 (20%) RH50 0.003647296 0.139 47.6 
June 6 2019 SDCV 2 RH25 0.02092 0.14 47 
June 6 2019 SDCV 3 RH25 0.02153 0.137 48.5 
June 7 2019 Gobi 2 RH25 0.02634 0.14 47.9 
June 7 2019 Gobi 3 RH25 0.02346 0.14 48.5 
June 10 2019 Fumed SiO2 RH0 0.02258 0.139 48 
June 10 2019 Mica RH0 0.01106 0.137 47.6 
June 11 2019 Fumed SiO2 RH10 0.01861 0.139 47.4 
June 11 2019 Mica RH10 0.00609 0.139 48.5 
June 12 2019 Fumed SiO2 RH50 0.01776 0.14 53 
June 12 2019 BLK RH50 0 0.2 53.2 
June 20 2019 BLK RH25 0 0.2 52.4 
June 20 2019 Nat Ana (0.5%) Trial 1 6.36834E-05 0.141 54.4 
June 24 2019 BLK RH10 0 0.2 52.3 
June 24 2019 Titanite 1 RH10 0.0157 0.14 54.1 
June 25 2019 BLK RH0 0 0.2 52.1 
June 25 2019 Titanite 1 RH0 0.02395 0.14 52.4 
June 27 2019 Nat Ana (1%) Trial 1 0.0001253 0.141 52.7 
July 3 2019 Nat Ana (1%) Trial 2 0.0001518 0.141 52.3 
July 3 2019 Nat Ana (1%) Trial 3 0.0001409 0.141 54 
July 4 2019 Nat Ana (1%) RH10 0.0001148 0.142 52.9 
July 6 2019 Nat Ana (1%) RH50 0.0002166 0.14 51.2 
July 7 2019 Nat Ana (1%) RH0 0.0001098 0.139 53.4 
July 8 2019 Blk 2 RH25 0 0.2 52.7 
July 8 2019 Blk 3 RH25 0 0.2 52.7 
July 9 2019 Nat Ana (1%) RH0 0.0001844 0.141 54.4 

     

June 20 2019 BLK RH25 0 0.2 52.4 
July 8 2019 Blk 2 RH25 0 0.2 52.7 
July 8 2019 Blk 3 RH25 0 0.2 52.7 
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Date Residence Time (s) BET (m^2/g) z* S geo (cm^2) Sherwood # [O3] final dark (ppb) [O3] final light (ppb) k (dark) k light 

March 25 2019 1.652246591 1.9616 0.379786005 46.158 3.9042784 48.7 37.5 0.04316386 0.201335224 
March 25 2019 1.664048352 1.0077 0.382498762 46.4877 3.902591164 51 50.2 0.025379529 0.034880819 
March 26 2019 1.652246591 2.0914 0.379786005 46.158 3.9042784 47.1 45.8 0.061063493 0.078003404 
March 27 2019 1.652246591 1.6235 0.379786005 46.158 3.9042784 50.6 46.4 0.029187745 0.081632772 
March 27 2019 1.664048352 1.3855 0.382498762 46.4877 3.902591164 51.9 51.3 0.023836601 0.030824401 
March 29 2019 1.652246591 1.7424 0.379786005 46.158 3.9042784 47.8 45.3 0.050971858 0.083484322 
April 2 2019 1.664048352 1.9616 0.382498762 46.4877 3.902591164 46.6 31 0.039911366 0.284864186 
April 4 2019 1.675850114 18.7799 0.385211519 46.8174 3.90092678 28 19.9 0.355456517 0.559224608 
April 5 2019 1.664048352 1.7424 0.382498762 46.4877 3.902591164 46.8 45 0.036129798 0.059699253 
April 5 2019 1.675850114 2.0914 0.385211519 46.8174 3.90092678 43.9 42.5 0.082392127 0.101731711 
April 8 2019 1.664048352 1.0077 0.382498762 46.4877 3.902591164 49.5 47.3 0.004836598 0.032156943 
April 8 2019 1.664048352 18.7799 0.382498762 46.4877 3.902591164 29.5 20 0.328978042 0.562539759 
April 9 2019 1.664048352 1.6235 0.382498762 46.4877 3.902591164 49.2 46.9 0.016861261 0.045632028 
April 10 2019 1.664048352 1.3855 0.382498762 46.4877 3.902591164 47.6 46.3 0.019867729 0.036508352 
April 10 2019 1.664048352 1.9616 0.382498762 46.4877 3.902591164 47.5 36.5 0.036803994 0.19510315 
April 11 2019 1.652246591 1.7424 0.379786005 46.158 3.9042784 45.9 43.4 0.045699929 0.079596611 
April 12 2019 1.652246591 2.0914 0.379786005 46.158 3.9042784 37.7 34.9 0.151212126 0.197920205 
April 15 2019 1.652246591 1.6235 0.379786005 46.158 3.9042784 48.3 46.9 0.030543137 0.048345495 
April 15 2019 1.64044483 1.0077 0.377073248 45.8283 3.905988959 48.5 47.5 0.023424974 0.036125241 
April 16 2019 1.652246591 1.3855 0.379786005 46.158 3.9042784 48.4 47.5 0.01482286 0.026183212 
April 17 2019 1.664048352 18.7799 0.382498762 46.4877 3.902591164 26.8 18.9 0.366288752 0.57616244 
April 17 2019 1.652246591 2.0914 0.379786005 46.158 3.9042784 34.8 31.1 0.193371933 0.26140631 
April 18 2019 1.652246591 1.7424 0.379786005 46.158 3.9042784 46 42.2 0.041932412 0.094116617 
April 24 2019 1.652246591 1.9616 0.379786005 46.158 3.9042784 39.8 5.7 0.139297667 1.315514794 
April 24 2019 1.652246591 1.0077 0.379786005 46.158 3.9042784 50 49.8 0.01079737 0.013223171 
April 25 2019 1.652246591 2.0914 0.379786005 46.158 3.9042784 44.7 35.8 0.079801727 0.214179736 
April 25 2019 1.64044483 18.7799 0.377073248 45.8283 3.905988959 3.5 2.7 1.630736577 1.788932202 
April 26 2019 1.64044483 1.9616 0.377073248 45.8283 3.905988959 45.4 21.3 0.051472819 0.512814169 
April 26 2019 1.652246591 1.0077 0.379786005 46.158 3.9042784 51 48 0.009420214 0.04611245 
April 29 2019 1.64044483 18.7799 0.377073248 45.8283 3.905988959 9.6 4.7 1.00598318 1.441353256 
April 29 2019 1.652246591 2.0914 0.379786005 46.158 3.9042784 36.1 28.6 0.209129055 0.350080259 
April 30 2019 1.664048352 1.9616 0.382498762 46.4877 3.902591164 46.4 38.9 0.044904672 0.150854243 
April 30 2019 1.628643068 1.0077 0.37436049 45.4986 3.90772333 48.1 47 0.018855363 0.033060179 
May 1 2019 1.652246591 18.7799 0.379786005 46.158 3.9042784 44.6 24.5 0.050736942 0.413310389 
May 1 2019 1.64044483 2.0914 0.377073248 45.8283 3.905988959 46.2 44.9 0.0194774 0.036876341 
May 2 2019 1.64044483 2.0914 0.377073248 45.8283 3.905988959 41.1 37.3 0.142224026 0.201363348 
May 2 2019 1.664048352 39.6 0.382498762 46.4877 3.902591164 43.5 36.8 0.096766154 0.197281919 
May 3 2019 1.652246591 10.5 0.379786005 46.158 3.9042784 46.3 43.9 0.045319532 0.077534845 
May 7 2019 1.652246591 2.0914 0.379786005 46.158 3.9042784 41.8 38.7 0.11083012 0.157467673 
May 7 2019 1.652246591 94.55 0.379786005 46.158 3.9042784 49.3 47.2 0.021704034 0.048050094 
May 8 2019 1.664048352 9.6791 0.382498762 46.4877 3.902591164 49.4 9.9 0.006051855 0.972018778 
May 8 2019 1.652246591 9.6791 0.379786005 46.158 3.9042784 48.4 6.7 0.004981399 1.201771453 
May 9 2019 1.652246591 3.7258 0.379786005 46.158 3.9042784 47.7 15 0.021194794 0.72138156 
May 9 2019 1.652246591 3.7258 0.379786005 46.158 3.9042784 49 16.3 0.028941125 0.695097857 
May 10 2019 1.652246591 9.6791 0.379786005 46.158 3.9042784 48.6 9.9 0.013546042 0.976531097 
May 10 2019 1.64044483 9.6791 0.377073248 45.8283 3.905988959 51.7 14.9 -0.005924155 0.75246561 
May 17 2019 1.652246591 9.6791 0.379786005 46.158 3.9042784 47.7 14.3 0.023640198 0.752751619 
May 17 2019 1.652246591 9.6791 0.379786005 46.158 3.9042784 48.8 16.7 0.024309956 0.67331816 
May 21 2019 1.64044483 9.6791 0.377073248 45.8283 3.905988959 48.4 35.6 0.021043801 0.208282146 
May 21 2019 1.664048352 9.6791 0.382498762 46.4877 3.902591164 49.6 32.5 0.010806478 0.264856034 
May 22 2019 1.664048352 3.7258 0.382498762 46.4877 3.902591164 49.1 43.6 0.020454526 0.091847814 
May 22 2019 1.664048352 3.7258 0.382498762 46.4877 3.902591164 50.5 45.2 0.002375276 0.069005701 
May 23 2019 1.64044483 1.9323 0.377073248 45.8283 3.905988959 48.9 38.3 0.01841804 0.167357825 
May 24 2019 1.664048352 1.5205 0.382498762 46.4877 3.902591164 48 32.6 0.006227455 0.238725941 
May 24 2019 1.652246591 1.5205 0.379786005 46.158 3.9042784   #DIV/0! #DIV/0! 
May 25 2016 1.664048352 1.9323 0.382498762 46.4877 3.902591164 49.7 36.4 0.011971393 0.199127108 
May 25 2016 1.64044483 1.9323 0.377073248 45.8283 3.905988959 50.2 38.1 0.010832105 0.178957689 
May 26 2019 1.652246591 1.5205 0.379786005 46.158 3.9042784 49.7 32.8 0.006058474 0.257580505 
May 26 2019 1.664048352 1.5205 0.382498762 46.4877 3.902591164 50 26.4 0.009538995 0.393337335 
May 27 2019 1.64044483 3.7258 0.377073248 45.8283 3.905988959 50.1 46.3 0.004847666 0.052931603 
May 27 2019 1.652246591 9.6791 0.379786005 46.158 3.9042784 50.7 38.2 0.012990941 0.184327591 
May 28 2019 1.652246591 94.55 0.379786005 46.158 3.9042784 48.8 46 0.01349114 0.049253911 
May 28 2019 1.664048352 94.55 0.382498762 46.4877 3.902591164 50.9 47 0.011691888 0.059596338 
May 29 2019 1.64044483 3.7258 0.377073248 45.8283 3.905988959 49.6 46 0.008542953 0.054475273 
May 29 2019 1.652246591 9.6791 0.379786005 46.158 3.9042784 49.8 23.4 0.019139509 0.47626193 
May 30 2019 1.64044483 1.9323 0.377073248 45.8283 3.905988959 50.3 35.3 0.001210707 0.217080273 
May 30 2019 1.652246591 1.5205 0.379786005 46.158 3.9042784 48.9 20.5 0.018286483 0.544450383 
May 31 2019 1.64044483 3.7258 0.377073248 45.8283 3.905988959 48 44 0.021216149 0.07425748 
May 31 2019 1.664048352 9.6791 0.382498762 46.4877 3.902591164 49.6 28.5 0.016727158 0.349702306 
June 3 2019 1.664048352 1.9323 0.382498762 46.4877 3.902591164 48.8 33.8 0.021766954 0.24247539 
June 3 2019 1.652246591 1.5205 0.379786005 46.158 3.9042784 47.7 26 0.008817338 0.376095965 
June 4 2019 1.664048352 3.7258 0.382498762 46.4877 3.902591164 44 41.2 0.043460673 0.082973574 
June 4 2019 1.664048352 9.6791 0.382498762 46.4877 3.902591164 43.4 25.4 0.050439911 0.372371823 
June 5 2019 1.652246591 1.9323 0.379786005 46.158 3.9042784 45.6 34.9 0.019588653 0.181441544 
June 5 2019 1.64044483 1.5205 0.377073248 45.8283 3.905988959 46 27.2 0.02084274 0.34113661 
June 6 2019 1.652246591 39.6 0.379786005 46.158 3.9042784 37.9 32.4 0.130244778 0.225141441 
June 6 2019 1.616841307 39.6 0.371647733 45.1689 3.909482012 38.6 32.7 0.141208368 0.243801738 
June 7 2019 1.652246591 10.5 0.379786005 46.158 3.9042784 43.6 40.4 0.056927552 0.103063139 
June 7 2019 1.652246591 10.5 0.379786005 46.158 3.9042784 43.4 41.2 0.067244416 0.098729537 
June 10 2019 1.64044483 94.55 0.377073248 45.8283 3.905988959 44.9 42 0.040698239 0.081399502 
June 10 2019 1.616841307 18.7799 0.371647733 45.1689 3.909482012 10.6 5.3 0.928958676 1.357663199 
June 11 2019 1.64044483 94.55 0.377073248 45.8283 3.905988959 45.7 43.2 0.022264651 0.056558887 
June 11 2019 1.64044483 18.7799 0.377073248 45.8283 3.905988959 31.9 23 0.255392794 0.454797119 
June 12 2019 1.652246591 94.55 0.379786005 46.158 3.9042784 51.1 48.1 0.022095622 0.058713837 
June 12 2019 2.360352273 0 0.542551435 65.94 3.832084073 51.1 49.1 0.017062665 0.033977709 
June 20 2019 2.360352273 0 0.542551435 65.94 3.832084073 50.9 50.1 0.012304802 0.019016476 
June 20 2019 1.664048352 3.7258 0.382498762 46.4877 3.902591164 52.1 43.9 0.025960306 0.128872357 
June 24 2019 2.360352273 0 0.542551435 65.94 3.832084073 51.4 50.7 0.007354071 0.013163484 
June 24 2019 1.652246591 1.9616 0.379786005 46.158 3.9042784 48.8 26.3 0.062402231 0.436536078 
June 25 2019 2.360352273 0 0.542551435 65.94 3.832084073 51.4 49.4 0.005730829 0.022545162 
June 25 2019 1.652246591 1.9616 0.379786005 46.158 3.9042784 46.2 11.5 0.076215496 0.917877249 
June 27 2019 1.664048352 3.7258 0.382498762 46.4877 3.902591164 50.5 36.5 0.025625529 0.220728679 
July 3 2019 1.664048352 3.7258 0.382498762 46.4877 3.902591164 50.8 31.9 0.017487483 0.297100959 
July 3 2019 1.664048352 3.7258 0.382498762 46.4877 3.902591164 52.6 37.8 0.015785555 0.214341695 
July 4 2019 1.675850114 3.7258 0.385211519 46.8174 3.90092678 52.8 35.1 0.001129068 0.244772611 
July 6 2019 1.652246591 3.7258 0.379786005 46.158 3.9042784 49.1 38.5 0.025347607 0.172541612 
July 7 2019 1.64044483 3.7258 0.377073248 45.8283 3.905988959 51.2 44.5 0.025646223 0.111141535 
July 8 2019 2.360352273 0 0.542551435 65.94 3.832084073 51.6 50.1 0.00893671 0.021435126 
July 8 2019 2.360352273 0 0.542551435 65.94 3.832084073 52.4 50.3 0.002418649 0.019747213 
July 9 2019 1.664048352 3.7258 0.382498762 46.4877 3.902591164 51.9 38.7 0.028271633 0.204636213 

 0  0 0 10.00744935   #DIV/0! #DIV/0! 
June 20 2019 2.360352273 0 0.542551435 65.94 3.832084073 50.9 50.1 0.012304802 0.019016476 
July 8 2019 2.360352273 0 0.542551435 65.94 3.832084073 51.6 50.1 0.00893671 0.021435126 
July 8 2019 2.360352273 0 0.542551435 65.94 3.832084073 52.4 50.3 0.002418649 0.019747213 
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Date �후 geo dark �후 geo light �후 BET dark �후 BET light �후 eff dark �후 eff light �후 corr �후 corr �후 BET dark corr �후 BET light corr 

March 25 2019 1.25338E-06 5.84629E-06 1.30154E-07 6.07096E-07 1.25338E-06 5.84629E-06 1.28426E-06 6.58494E-06 1.33361E-07 6.83799E-07 
March 25 2019 7.36961E-07 1.01286E-06 9.72756E-08 1.33693E-07 7.36961E-07 1.01286E-06 7.47536E-07 1.03294E-06 9.86714E-08 1.36343E-07 
March 26 2019 1.77314E-06 2.26503E-06 1.67884E-07 2.14458E-07 1.77314E-06 2.26503E-06 1.83559E-06 2.36794E-06 1.73797E-07 2.24201E-07 
March 27 2019 8.47542E-07 2.37042E-06 9.90408E-08 2.76999E-07 8.47542E-07 2.37042E-06 8.61553E-07 2.48337E-06 1.00678E-07 2.90197E-07 
March 27 2019 6.92158E-07 8.95067E-07 6.97626E-08 9.02139E-08 6.92158E-07 8.95067E-07 7.01478E-07 9.10714E-07 7.0702E-08 9.17909E-08 
March 29 2019 1.4801E-06 2.42419E-06 1.77258E-07 2.90322E-07 1.4801E-06 2.42419E-06 1.52336E-06 2.54244E-06 1.82439E-07 3.04484E-07 
April 2 2019 1.15893E-06 8.27178E-06 1.26685E-07 9.04205E-07 1.15893E-06 8.27178E-06 1.1853E-06 9.83305E-06 1.29568E-07 1.07487E-06 
April 4 2019 1.03216E-05 1.62385E-05 1.00434E-07 1.58009E-07 1.03216E-05 1.62385E-05 1.28732E-05 2.35969E-05 1.25263E-07 2.29609E-07 
April 5 2019 1.04912E-06 1.73352E-06 1.51959E-07 2.51091E-07 1.04912E-06 1.73352E-06 1.07068E-06 1.79319E-06 1.55082E-07 2.59733E-07 
April 5 2019 2.39247E-06 2.95405E-06 2.60745E-07 3.21949E-07 2.39247E-06 2.95405E-06 2.50768E-06 3.1317E-06 2.73302E-07 3.41311E-07 
April 8 2019 1.40443E-07 9.33761E-07 1.96512E-08 1.30654E-07 1.40443E-07 9.33761E-07 1.40823E-07 9.50803E-07 1.97043E-08 1.33039E-07 
April 8 2019 9.55274E-06 1.63348E-05 1.01012E-07 1.72726E-07 9.55274E-06 1.63348E-05 1.16977E-05 2.3796E-05 1.23693E-07 2.51622E-07 
April 9 2019 4.89611E-07 1.32505E-06 6.5635E-08 1.7763E-07 4.89611E-07 1.32505E-06 4.94256E-07 1.35963E-06 6.62577E-08 1.82265E-07 
April 10 2019 5.76911E-07 1.06012E-06 9.37845E-08 1.72336E-07 5.76911E-07 1.06012E-06 5.83372E-07 1.08214E-06 9.48347E-08 1.75915E-07 
April 10 2019 1.0687E-06 5.66533E-06 1.28759E-07 6.82572E-07 1.0687E-06 5.66533E-06 1.09108E-06 6.35659E-06 1.31456E-07 7.65856E-07 
April 11 2019 1.32702E-06 2.3113E-06 1.44015E-07 2.50834E-07 1.32702E-06 2.3113E-06 1.36169E-06 2.41855E-06 1.47778E-07 2.62474E-07 
April 12 2019 4.39084E-06 5.74713E-06 2.42148E-07 3.16945E-07 4.39084E-06 5.74713E-06 4.79478E-06 6.4594E-06 2.64425E-07 3.56226E-07 
April 15 2019 8.869E-07 1.40384E-06 1.26457E-07 2.00164E-07 8.869E-07 1.40384E-06 9.02253E-07 1.4427E-06 1.28646E-07 2.05705E-07 
April 15 2019 6.80205E-07 1.04899E-06 1.55528E-07 2.3985E-07 6.80205E-07 1.04899E-06 6.89196E-07 1.07053E-06 1.57583E-07 2.44774E-07 
April 16 2019 4.3042E-07 7.60298E-07 5.86962E-08 1.03681E-07 4.3042E-07 7.60298E-07 4.34005E-07 7.71553E-07 5.9185E-08 1.05216E-07 
April 17 2019 1.06362E-05 1.67304E-05 9.34968E-08 1.47068E-07 1.06362E-05 1.67304E-05 1.33647E-05 2.46449E-05 1.17482E-07 2.1664E-07 
April 17 2019 5.61506E-06 7.59061E-06 6.75717E-07 9.13456E-07 5.61506E-06 7.59061E-06 6.29304E-06 8.88456E-06 7.57306E-07 1.06917E-06 
April 18 2019 1.21762E-06 2.73292E-06 1.71666E-07 3.853E-07 1.21762E-06 2.73292E-06 1.24674E-06 2.88416E-06 1.75772E-07 4.06622E-07 
April 24 2019 4.04487E-06 3.81994E-05 3.26851E-07 3.08675E-06 4.04487E-06 3.81994E-05 4.3852E-06 0.00014303 3.54352E-07 1.15577E-05 
April 24 2019 3.1353E-07 3.83969E-07 7.32721E-08 8.97338E-08 3.1353E-07 3.83969E-07 3.15427E-07 3.86819E-07 7.37155E-08 9.03998E-08 
April 25 2019 2.31725E-06 6.21927E-06 7.78427E-07 2.08922E-06 2.31725E-06 6.21927E-06 2.42507E-06 7.06196E-06 8.14646E-07 2.3723E-06 
April 25 2019 4.73527E-05 5.19463E-05 6.44114E-07 7.06599E-07 4.73527E-05 5.19463E-05 0.000515557 0.013856149 7.01285E-06 0.000188478 
April 26 2019 1.49465E-06 1.48909E-05 2.05769E-07 2.05004E-06 1.49465E-06 1.48909E-05 1.53876E-06 2.08435E-05 2.11842E-07 2.86954E-06 
April 26 2019 2.73541E-07 1.339E-06 6.08233E-08 2.97733E-07 2.73541E-07 1.339E-06 2.74984E-07 1.3743E-06 6.11442E-08 3.05584E-07 
April 29 2019 2.92113E-05 4.18535E-05 3.16959E-07 4.54132E-07 2.92113E-05 4.18535E-05 6.6424E-05 0.000212115 7.20736E-07 2.30156E-06 
April 29 2019 6.07261E-06 1.01655E-05 9.03741E-07 1.51285E-06 6.07261E-06 1.01655E-05 6.87347E-06 1.26286E-05 1.02293E-06 1.87943E-06 
April 30 2019 1.30392E-06 4.38045E-06 1.34647E-07 4.52338E-07 1.30392E-06 4.38045E-06 1.3374E-06 4.78258E-06 1.38104E-07 4.93864E-07 
April 30 2019 5.47515E-07 9.59989E-07 8.93093E-09 1.56591E-08 5.47515E-07 9.59989E-07 5.53322E-07 9.77986E-07 9.02566E-09 1.59527E-08 
May 1 2019 1.47328E-06 1.20015E-05 1.62672E-08 1.32515E-07 1.47328E-06 1.20015E-05 1.51614E-06 1.55919E-05 1.67404E-08 1.72159E-07 
May 1 2019 5.65577E-07 1.0708E-06 7.16378E-08 1.35631E-07 5.65577E-07 1.0708E-06 5.71779E-07 1.09325E-06 7.24234E-08 1.38475E-07 
May 2 2019 4.12985E-06 5.84711E-06 7.02065E-07 9.93997E-07 4.12985E-06 5.84711E-06 4.48508E-06 6.58561E-06 7.62455E-07 1.11954E-06 
May 2 2019 2.80986E-06 5.7286E-06 1.92562E-08 3.92585E-08 2.80986E-06 5.7286E-06 2.97005E-06 6.43634E-06 2.0354E-08 4.41088E-08 
May 3 2019 1.31597E-06 2.25143E-06 3.88777E-08 6.65139E-08 1.31597E-06 2.25143E-06 1.35006E-06 2.35307E-06 3.98848E-08 6.95169E-08 
May 7 2019 3.21824E-06 4.57248E-06 5.05177E-07 7.17756E-07 3.21824E-06 4.57248E-06 3.43004E-06 5.01222E-06 5.38423E-07 7.86782E-07 
May 7 2019 6.30233E-07 1.39526E-06 1.40041E-09 3.10035E-09 6.30233E-07 1.39526E-06 6.37947E-07 1.43364E-06 1.41756E-09 3.18563E-09 
May 8 2019 1.75731E-07 2.82251E-05 8.65749E-08 1.39052E-05 1.75731E-07 2.82251E-05 1.76326E-07 6.1598E-05 8.6868E-08 3.03466E-05 
May 8 2019 1.44648E-07 3.48966E-05 8.38733E-08 2.02346E-05 1.44648E-07 3.48966E-05 1.4505E-07 0.000105605 8.41068E-08 6.12346E-05 
May 9 2019 6.15446E-07 2.09472E-05 8.19503E-07 2.78924E-05 6.15446E-07 2.09472E-05 6.22801E-07 3.50236E-05 8.29296E-07 4.66359E-05 
May 9 2019 8.40381E-07 2.0184E-05 9.51012E-07 2.28411E-05 8.40381E-07 2.0184E-05 8.54154E-07 3.29409E-05 9.66597E-07 3.72774E-05 
May 10 2019 3.93345E-07 2.83561E-05 4.91635E-07 3.54419E-05 3.93345E-07 2.83561E-05 3.96336E-07 6.21934E-05 4.95374E-07 7.77346E-05 
May 10 2019 -1.72023E-07 2.18498E-05 -2.20058E-07 2.7951E-05 -1.72023E-07 2.18498E-05 -1.71458E-07 3.76102E-05 -2.19334E-07 4.81122E-05 
May 17 2019 6.86455E-07 2.18581E-05 3.52067E-06 0.000112105 6.86455E-07 2.18581E-05 6.95617E-07 3.76467E-05 3.56766E-06 0.000193082 
May 17 2019 7.05903E-07 1.95516E-05 3.78852E-06 0.000104932 7.05903E-07 1.95516E-05 7.15595E-07 3.12891E-05 3.84054E-06 0.000167926 
May 21 2019 6.11062E-07 6.04802E-06 2.16901E-05 0.000214679 6.11062E-07 6.04802E-06 6.18308E-07 6.84158E-06 2.19473E-05 0.000242847 
May 21 2019 3.13794E-07 7.69079E-06 7.93896E-06 0.000194576 3.13794E-07 7.69079E-06 3.15696E-07 9.02278E-06 7.98707E-06 0.000228275 
May 22 2019 5.93951E-07 2.66704E-06 4.21014E-05 0.00018905 5.93951E-07 2.66704E-06 6.008E-07 2.81095E-06 4.25869E-05 0.00019925 
May 22 2019 6.89723E-08 2.00376E-06 5.49397E-06 0.000159609 6.89723E-08 2.00376E-06 6.90638E-08 2.08391E-06 5.50125E-06 0.000165993 
May 23 2019 5.34816E-07 4.85967E-06 1.11799E-06 1.01587E-05 5.34816E-07 4.85967E-06 5.40358E-07 5.35915E-06 1.12957E-06 1.12029E-05 
May 24 2019 1.8083E-07 6.93203E-06 1.62647E-07 6.23497E-06 1.8083E-07 6.93203E-06 1.8146E-07 7.99599E-06 1.63213E-07 7.19194E-06 
May 24 2019 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 
May 25 2016 3.47621E-07 5.78218E-06 6.21608E-07 1.03396E-05 3.47621E-07 5.78218E-06 3.49956E-07 6.50406E-06 6.25783E-07 1.16304E-05 
May 25 2016 3.14538E-07 5.1965E-06 7.56612E-07 1.25E-05 3.14538E-07 5.1965E-06 3.16447E-07 5.77172E-06 7.61204E-07 1.38837E-05 
May 26 2019 1.75924E-07 7.47952E-06 1.53145E-07 6.51107E-06 1.75924E-07 7.47952E-06 1.76519E-07 8.73275E-06 1.53664E-07 7.60203E-06 
May 26 2019 2.7699E-07 1.14216E-05 2.69951E-07 1.11313E-05 2.7699E-07 1.14216E-05 2.7847E-07 1.46288E-05 2.71394E-07 1.4257E-05 
May 27 2019 1.40765E-07 1.53701E-06 1.51329E-05 0.000165236 1.40765E-07 1.53701E-06 1.41146E-07 1.58369E-06 1.51739E-05 0.000170255 
May 27 2019 3.77226E-07 5.35243E-06 1.2172E-05 0.000172708 3.77226E-07 5.35243E-06 3.79976E-07 5.96502E-06 1.22608E-05 0.000192475 
May 28 2019 3.9175E-07 1.43022E-06 1.05661E-09 3.85752E-09 3.9175E-07 1.43022E-06 3.94717E-07 1.47057E-06 1.06462E-09 3.96637E-09 
May 28 2019 3.39504E-07 1.73054E-06 8.05235E-10 4.10448E-09 3.39504E-07 1.73054E-06 3.41731E-07 1.79E-06 8.10517E-10 4.2455E-09 
May 29 2019 2.48067E-07 1.58183E-06 1.43781E-05 9.16838E-05 2.48067E-07 1.58183E-06 2.49253E-07 1.63132E-06 1.44468E-05 9.45522E-05 
May 29 2019 5.55766E-07 1.38295E-05 1.22354E-05 0.000304463 5.55766E-07 1.38295E-05 5.61756E-07 1.88245E-05 1.23673E-05 0.000414429 
May 30 2019 3.5156E-08 6.30349E-06 5.62632E-08 1.0088E-05 3.5156E-08 6.30349E-06 3.51798E-08 7.17032E-06 5.63012E-08 1.14753E-05 
May 30 2019 5.30996E-07 1.58095E-05 7.53684E-07 2.24397E-05 5.30996E-07 1.58095E-05 5.36461E-07 2.26932E-05 7.61442E-07 3.22102E-05 
May 31 2019 6.16066E-07 2.15626E-06 4.22195E-05 0.00014777 6.16066E-07 2.15626E-06 6.23432E-07 2.24928E-06 4.27243E-05 0.000154144 
May 31 2019 4.85717E-07 1.01545E-05 1.32245E-05 0.000276475 4.85717E-07 1.01545E-05 4.90288E-07 1.2613E-05 1.3349E-05 0.000343413 
June 3 2019 6.3206E-07 7.04091E-06 9.95737E-07 1.10921E-05 6.3206E-07 7.04091E-06 6.39823E-07 8.1412E-06 1.00797E-06 1.28255E-05 
June 3 2019 2.56034E-07 1.09209E-05 2.18865E-07 9.3355E-06 2.56034E-07 1.09209E-05 2.57298E-07 1.38159E-05 2.19945E-07 1.18102E-05 
June 4 2019 1.26199E-06 2.40935E-06 0.000117513 0.000224351 1.26199E-06 2.40935E-06 1.29332E-06 2.52619E-06 0.00012043 0.00023523 
June 4 2019 1.46465E-06 1.08128E-05 3.34762E-05 0.000247137 1.46465E-06 1.08128E-05 1.50702E-06 1.36448E-05 3.44446E-05 0.000311866 
June 5 2019 5.68808E-07 5.26863E-06 8.26182E-07 7.65258E-06 5.68808E-07 5.26863E-06 5.75084E-07 5.86112E-06 8.35299E-07 8.51317E-06 
June 5 2019 6.05223E-07 9.90579E-06 5.0014E-07 8.18588E-06 6.05223E-07 9.90579E-06 6.12331E-07 1.2229E-05 5.06014E-07 1.01058E-05 
June 6 2019 3.782E-06 6.53757E-06 2.10723E-08 3.64256E-08 3.782E-06 6.53757E-06 4.07791E-06 7.47523E-06 2.2721E-08 4.165E-08 
June 6 2019 4.10035E-06 7.07942E-06 2.17231E-08 3.75058E-08 4.10035E-06 7.07942E-06 4.44998E-06 8.19047E-06 2.35754E-08 4.33919E-08 
June 7 2019 1.65304E-06 2.99271E-06 2.75883E-08 4.99466E-08 1.65304E-06 2.99271E-06 1.70719E-06 3.17502E-06 2.8492E-08 5.29893E-08 
June 7 2019 1.95262E-06 2.86687E-06 3.65887E-08 5.37202E-08 1.95262E-06 2.86687E-06 2.02862E-06 3.03374E-06 3.80128E-08 5.68472E-08 
June 10 2019 1.18178E-06 2.36365E-06 2.53679E-09 5.07377E-09 1.18178E-06 2.36365E-06 1.20919E-06 2.47588E-06 2.59562E-09 5.31469E-09 
June 10 2019 2.69747E-05 3.94233E-05 5.86609E-07 8.57322E-07 2.69747E-05 3.94233E-05 5.58335E-05 0.000161177 1.21419E-06 3.50504E-06 
June 11 2019 6.46512E-07 1.64233E-06 1.68385E-09 4.27748E-09 6.46512E-07 1.64233E-06 6.54629E-07 1.69575E-06 1.70499E-09 4.41659E-09 
June 11 2019 7.416E-06 1.32062E-05 2.97162E-07 5.29178E-07 7.416E-06 1.32062E-05 8.64564E-06 1.76855E-05 3.46434E-07 7.08665E-07 
June 12 2019 6.41604E-07 1.70491E-06 1.76364E-09 4.68645E-09 6.41604E-07 1.70491E-06 6.49601E-07 1.76257E-06 1.78562E-09 4.84494E-09 
June 12 2019 4.95459E-07 9.86631E-07 #DIV/0! #DIV/0! 4.95459E-07 9.86631E-07 5.00305E-07 1.00603E-06 #DIV/0! #DIV/0! 
June 20 2019 3.57302E-07 5.52193E-07 #DIV/0! #DIV/0! 3.57302E-07 5.52193E-07 3.59815E-07 5.58219E-07 #DIV/0! #DIV/0! 
June 20 2019 7.53825E-07 3.74215E-06 1.47694E-05 7.33183E-05 7.53825E-07 3.74215E-06 7.64893E-07 4.03175E-06 1.49862E-05 7.89925E-05 
June 24 2019 2.13545E-07 3.82236E-07 #DIV/0! #DIV/0! 2.13545E-07 3.82236E-07 2.1444E-07 3.85114E-07 #DIV/0! #DIV/0! 
June 24 2019 1.81201E-06 1.2676E-05 2.7158E-07 1.89984E-06 1.81201E-06 1.2676E-05 1.87728E-06 1.67497E-05 2.81362E-07 2.5104E-06 
June 25 2019 1.6641E-07 6.54658E-07 #DIV/0! #DIV/0! 1.6641E-07 6.54658E-07 1.66953E-07 6.63144E-07 #DIV/0! #DIV/0! 
June 25 2019 2.21312E-06 2.6653E-05 2.17438E-07 2.61864E-06 2.21312E-06 2.6653E-05 2.31126E-06 5.45482E-05 2.2708E-07 5.35934E-06 
June 27 2019 7.44104E-07 6.40943E-06 7.40971E-06 6.38245E-05 7.44104E-07 6.40943E-06 7.54886E-07 7.30861E-06 7.51708E-06 7.27784E-05 
July 3 2019 5.07795E-07 8.6271E-06 4.17383E-06 7.09107E-05 5.07795E-07 8.6271E-06 5.12793E-07 1.03393E-05 4.21492E-06 8.49839E-05 
July 3 2019 4.58375E-07 6.22397E-06 4.05909E-06 5.51157E-05 4.58375E-07 6.22397E-06 4.62444E-07 7.06844E-06 4.09512E-06 6.25938E-05 
July 4 2019 3.27854E-08 7.10761E-06 3.58861E-07 7.77982E-05 3.27854E-08 7.10761E-06 3.28061E-08 8.23107E-06 3.59087E-07 9.00953E-05 
July 6 2019 7.36034E-07 5.0102E-06 4.20985E-06 2.86565E-05 7.36034E-07 5.0102E-06 7.46577E-07 5.54305E-06 4.27016E-06 3.17043E-05 
July 7 2019 7.44705E-07 3.22728E-06 8.3425E-06 3.61534E-05 7.44705E-07 3.22728E-06 7.55495E-07 3.44021E-06 8.46338E-06 3.85387E-05 
July 8 2019 2.59501E-07 6.22425E-07 #DIV/0! #DIV/0! 2.59501E-07 6.22425E-07 2.60824E-07 6.30091E-07 #DIV/0! #DIV/0! 
July 8 2019 7.02318E-08 5.73412E-07 #DIV/0! #DIV/0! 7.02318E-08 5.73412E-07 7.03283E-08 5.79912E-07 #DIV/0! #DIV/0! 
July 9 2019 8.20941E-07 5.94215E-06 5.55481E-06 4.02069E-05 8.20941E-07 5.94215E-06 8.34084E-07 6.70717E-06 5.64375E-06 4.53834E-05 

 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! 
June 20 2019 3.57302E-07 5.52193E-07 #DIV/0! #DIV/0! 3.57302E-07 5.52193E-07 3.59815E-07 5.58219E-07 #DIV/0! #DIV/0! 
July 8 2019 2.59501E-07 6.22425E-07 #DIV/0! #DIV/0! 2.59501E-07 6.22425E-07 2.60824E-07 6.30091E-07 #DIV/0! #DIV/0! 
July 8 2019 7.02318E-08 5.73412E-07 #DIV/0! #DIV/0! 7.02318E-08 5.73412E-07 7.03283E-08 5.79912E-07 #DIV/0! #DIV/0! 
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Date Experiment mass (g) length of tube (m) [O3] Initial 

May 7 2019 Fumed SiO2 Trial 1 RH25 0.02197 0.14 51.1 
May 28 2019 Fumed SiO2 Trial 2 RH25 0.0181 0.14 49.9 
May 28 2019 Fumed SiO2 Trial 3 RH25 0.02073 0.141 51.9 
June 10 2019 Fumed SiO2 RH0 0.02258 0.139 48 
June 11 2019 Fumed SiO2 RH10 0.01861 0.139 47.4 
June 12 2019 Fumed SiO2 RH50 0.01776 0.14 53 
May 21 2019 Commercial Antase Trial 1 (0.1%) 0.013786661   
May 21 2019 Commercial Antase Trial 2 (0.1%) 0.019621016 
May 22 2019 Natural Anatase 1 Trial 1 (0.1%) 0.017782398 
May 22 2019 Natural Anatase 1 Trial 2 (0.1%) 0.015824336 
May 23 2019 Rutile Trial 1 (10%) 0.010165443 
May 24 2019 Natural Anatase 2 Trial 1 (20%) 0.013590792 
May 25 2016 Rutile Trial 2 (10%) 0.012054596 
May 25 2016 Rutile Trial 3 (10%) 0.00883404 
May 26 2019 Natural Anatase 2 Trial 2 (20%) 0.013942761 
May 26 2019 Natural Anatase 2 Trial 3 (20%) 0.012542885 
May 27 2019 Natural Anatase 1 Trial 3 (0.1%) 0.011558558 
May 27 2019 Commericial Anatase Trial 3 (0.1%) 0.015275221 
May 29 2019 Nat Ana 1 (0.1%) RH0 0.021438778   
May 29 2019 Com Ana (0.1%) RH0 0.022388339 
May 30 2019 Rutile (10%) RH0 0.013278047 
May 30 2019 Nat Ana 2 (20%) RH0 0.00855124 
May 31 2019 Nat Ana 1 (0.1%) RH10 0.018132051   
May 31 2019 Com Ana (0.1%) RH10 0.01823236 
June 3 2019 Rutile (10%) RH10 0.013682866 
June 3 2019 Nat Ana 2 (20%) RH10 0.014198738 
June 4 2019 Nat Ana 1 (0.1%) RH 50 0.0135366   
June 4 2019 Com Ana (0.1%) RH50 0.021718986 
June 5 2019 Rutile (10%) RH50 0.014735394 
June 5 2019 Nat Ana 2 (20%) RH50 0.014582704 
June 20 2019 Nat Ana (0.5%) Trial 1 0.012646317   
June 27 2019 Nat Ana (1%) Trial 1 0.0124047 
July 3 2019 Nat Ana (1%) Trial 2 0.0150282 
July 3 2019 Nat Ana (1%) Trial 3 0.0139491 
July 4 2019 Nat Ana (1%) RH10 0.0113652   

July 6 2019 Nat Ana (1%) RH50 0.0214434   
July 7 2019 Nat Ana (1%) RH0 0.0108702 
July 9 2019 Nat Ana (1%) RH0 0.0182556 
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Date Residence Time (s) BET (m^2/g) z* S geo (cm^2) Sherwood # [O3] final dark (ppb) [O3] final light (ppb) 

May 7 2019 1.81747125 94.55 0.41776461 46.158 3.88258022 49.3 47.2 
May 28 2019 1.81747125 94.55 0.41776461 46.158 3.88258022 48.8 46 
May 28 2019 1.830453188 94.55 0.42074864 46.4877 3.881035482 50.9 47 
June 10 2019 1.804489313 94.55 0.41478057 45.8283 3.88414639 44.9 42 
June 11 2019 1.804489313 94.55 0.41478057 45.8283 3.88414639 45.7 43.2 
June 12 2019 1.81747125 94.55 0.41776461 46.158 3.88258022 51.1 48.1 
May 21 2019  94.55  45.8283    

May 21 2019  94.55  46.4877    

May 22 2019  94.55  46.4877    

May 22 2019  94.55  46.4877    

May 23 2019  94.55  45.8283    

May 24 2019  94.55  46.4877    

May 25 2016  94.55  46.4877    

May 25 2016  94.55  45.8283    

May 26 2019  94.55  46.158    

May 26 2019  94.55  46.4877    

May 27 2019  94.55  45.8283    

May 27 2019  94.55  46.158    

May 29 2019  94.55  45.8283    

May 29 2019  94.55  46.158    

May 30 2019  94.55  45.8283    

May 30 2019  94.55  46.158    

May 31 2019  94.55  45.8283    
May 31 2019 94.55 46.4877 
June 3 2019 94.55 46.4877 
June 3 2019 94.55 46.158 
June 4 2019  94.55  46.4877    
June 4 2019 94.55 46.4877 
June 5 2019 94.55 46.158 
June 5 2019 94.55 45.8283 
June 20 2019  94.55  46.4877    
June 27 2019 94.55 46.4877 
July 3 2019 94.55 46.4877 
July 3 2019 94.55 46.4877 
July 4 2019  94.55  46.8174    

July 6 2019  94.55  46.158    
July 7 2019 94.55 45.8283 
July 9 2019 94.55 46.4877 
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Date k (dark) k light �후 geo dark �후 geo light �후 BET dark �후 BET light Experiment   

May 7 2019 0.019731 0.043682 5.76446E-07 1.27618E-06 1.2809E-09 2.83575E-09 Fumed SiO2 Trial 1 RH25   

May 28 2019 0.012265 0.044776 3.58317E-07 1.30816E-06 9.66438E-10 3.52831E-09 Fumed SiO2 Trial 2 RH25   

May 28 2019 0.010629 0.054178 3.1053E-07 1.58284E-06 7.36513E-10 3.75418E-09 Fumed SiO2 Trial 3 RH25   

June 10 2019 0.036998 0.074000 1.08092E-06 2.16192E-06 2.32029E-09 4.64075E-09 Fumed SiO2 RH0   

June 11 2019 0.020241 0.051417 5.91336E-07 1.50217E-06 1.54014E-09 3.91242E-09 Fumed SiO2 RH10   

June 12 2019 0.020087 0.053376 5.86847E-07 1.55941E-06 1.61312E-09 4.28649E-09 Fumed SiO2 RH50   

May 21 2019 0.009683 0.032837 2.82906E-07 9.59336E-07 BET avg dark BET avg light  
May 21 2019 0.013586 0.046070 3.96918E-07 1.34595E-06 9.94616E-10 3.37275E-09 
May 22 2019 0.012313 0.041753 3.59724E-07 1.21982E-06  
May 22 2019 0.010957 0.037155 3.20114E-07 1.08551E-06 
May 23 2019 0.007140 0.024212 2.08598E-07 7.07356E-07 
May 24 2019 0.009410 0.031911 2.74931E-07 9.32292E-07 
May 25 2016 0.008347 0.028304 2.43855E-07 8.26913E-07 
May 25 2016 0.006205 0.021041 1.81277E-07 6.14711E-07 
May 26 2019 0.009723 0.032971 2.84066E-07 9.63268E-07 
May 26 2019 0.008685 0.029451 2.53733E-07 8.60408E-07 
May 27 2019 0.008118 0.027530 2.37185E-07 8.04295E-07 
May 27 2019 0.010652 0.036122 3.11213E-07 1.05532E-06 
May 29 2019 0.035128 0.070260 1.02629E-06 2.05266E-06 
May 29 2019 0.036422 0.072847 1.06409E-06 2.12826E-06 
May 30 2019 0.021757 0.043515 6.3563E-07 1.27131E-06 
May 30 2019 0.013912 0.027824 4.0643E-07 8.12891E-07 
May 31 2019 0.019721 0.050097 5.76149E-07 1.46359E-06 
May 31 2019 0.019549 0.049659 5.71119E-07 1.45081E-06 
June 3 2019 0.014671 0.037268 4.28609E-07 1.08879E-06 
June 3 2019 0.015333 0.038949 4.47945E-07 1.13791E-06 
June 4 2019 0.015202 0.040395 4.4412E-07 1.18014E-06 
June 4 2019 0.024390 0.064812 7.12575E-07 1.8935E-06 
June 5 2019 0.016666 0.044286 4.86904E-07 1.29383E-06 
June 5 2019 0.016612 0.044142 4.85325E-07 1.28964E-06 
June 20 2019 0.008757 0.029693 2.55825E-07 8.67503E-07 
June 27 2019 0.008589 0.029126 2.50937E-07 8.50929E-07 
July 3 2019 0.010406 0.035286 3.04009E-07 1.03089E-06 
July 3 2019 0.009659 0.032752 2.82179E-07 9.56871E-07 
July 4 2019 0.012100 0.030737 3.53502E-07 8.98E-07 
July 6 2019 0.024253 0.064446 7.08558E-07 1.88282E-06 
July 7 2019 0.017811 0.035624 5.20365E-07 1.04077E-06 
July 9 2019 0.029488 0.058979 8.61513E-07 1.72309E-06 
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Date Experiment mass (g) length of tube (m) 

May 21 2019 Commercial Antase Trial 1 (0.1%) 1.33E-05 0.139 
May 21 2019 Commercial Antase Trial 2 (0.1%) 1.89839E-05 0.141 
May 22 2019 Natural Anatase 1 Trial 1 (0.1%) 1.76024E-05 0.141 
May 22 2019 Natural Anatase 1 Trial 2 (0.1%) 1.56642E-05 0.141 
May 23 2019 Rutile Trial 1 (10%) 0.001134557 0.139 
May 24 2019 Natural Anatase 2 Trial 1 (20%) 0.003399208 0.141 
May 25 2016 Rutile Trial 2 (10%) 0.001345404 0.141 
May 25 2016 Rutile Trial 3 (10%) 0.00098596 0.139 
May 26 2019 Natural Anatase 2 Trial 2 (20%) 0.003487239 0.14 
May 26 2019 Natural Anatase 2 Trial 3 (20%) 0.003137115 0.141 
May 27 2019 Natural Anatase 1 Trial 3 (0.1%) 1.14E-05 0.139 
May 27 2019 Commericial Anatase Trial 3 (0.1%) 1.47792E-05 0.14 
May 29 2019 Nat Ana 1 (0.1%) RH0 2.12218E-05 0.139 
May 29 2019 Com Ana (0.1%) RH0 2.16613E-05 0.14 
May 30 2019 Rutile (10%) RH0 0.001481953 0.139 
May 30 2019 Nat Ana 2 (20%) RH0 0.00213876 0.14 
May 31 2019 Nat Ana 1 (0.1%) RH10 1.79485E-05 0.139 
May 31 2019 Com Ana (0.1%) RH10 1.76403E-05 0.141 
June 3 2019 Rutile (10%) RH10 0.001527134 0.141 
June 3 2019 Nat Ana 2 (20%) RH10 0.003551262 0.14 
June 4 2019 Nat Ana 1 (0.1%) RH 50 1.33996E-05 0.141 
June 4 2019 Com Ana (0.1%) RH50 2.10137E-05 0.141 
June 5 2019 Rutile (10%) RH50 0.001644606 0.14 
June 5 2019 Nat Ana 2 (20%) RH50 0.003647296 0.139 
June 20 2019 Nat Ana (0.5%) Trial 1 6.36834E-05 0.141 
June 27 2019 Nat Ana (1%) Trial 1 0.0001253 0.141 
July 3 2019 Nat Ana (1%) Trial 2 0.0001518 0.141 
July 3 2019 Nat Ana (1%) Trial 3 0.0001409 0.141 
July 4 2019 Nat Ana (1%) RH10 0.0001148 0.142 
July 6 2019 Nat Ana (1%) RH50 0.0002166 0.14 
July 7 2019 Nat Ana (1%) RH0 0.0001098 0.139 
July 9 2019 Nat Ana (1%) RH0 0.0001844 0.141 
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Date [O3] Initial Residence Time (s) BET (m^2/g) z* S geo (cm^2) Sherwood # 

May 21 2019 50.1 1.64044483 9.6791 0.377073248 45.8283 3.905988959 
May 21 2019 50.5 1.664048352 9.6791 0.382498762 46.4877 3.902591164 
May 22 2019 50.8 1.664048352 3.7258 0.382498762 46.4877 3.902591164 
May 22 2019 50.7 1.664048352 3.7258 0.382498762 46.4877 3.902591164 
May 23 2019 50.4 1.64044483 1.9323 0.377073248 45.8283 3.905988959 
May 24 2019 48.5 1.664048352 1.5205 0.382498762 46.4877 3.902591164 
May 25 2016 50.7 1.664048352 1.9323 0.382498762 46.4877 3.902591164 
May 25 2016 51.1 1.64044483 1.9323 0.377073248 45.8283 3.905988959 
May 26 2019 50.2 1.652246591 1.5205 0.379786005 46.158 3.9042784 
May 26 2019 50.8 1.664048352 1.5205 0.382498762 46.4877 3.902591164 
May 27 2019 50.5 1.64044483 3.7258 0.377073248 45.8283 3.905988959 
May 27 2019 51.8 1.652246591 9.6791 0.379786005 46.158 3.9042784 
May 29 2019 50.3 1.64044483 3.7258 0.377073248 45.8283 3.905988959 
May 29 2019 51.4 1.652246591 9.6791 0.379786005 46.158 3.9042784 
May 30 2019 50.4 1.64044483 1.9323 0.377073248 45.8283 3.905988959 
May 30 2019 50.4 1.652246591 1.5205 0.379786005 46.158 3.9042784 
May 31 2019 49.7 1.64044483 3.7258 0.377073248 45.8283 3.905988959 
May 31 2019 51 1.664048352 9.6791 0.382498762 46.4877 3.902591164 
June 3 2019 50.6 1.664048352 1.9323 0.382498762 46.4877 3.902591164 
June 3 2019 48.4 1.652246591 1.5205 0.379786005 46.158 3.9042784 
June 4 2019 47.3 1.664048352 3.7258 0.382498762 46.4877 3.902591164 
June 4 2019 47.2 1.664048352 9.6791 0.382498762 46.4877 3.902591164 
June 5 2019 47.1 1.652246591 1.9323 0.379786005 46.158 3.9042784 
June 5 2019 47.6 1.64044483 1.5205 0.377073248 45.8283 3.905988959 
June 20 2019 54.4 1.664048352 3.7258 0.382498762 46.4877 3.902591164 
June 27 2019 52.7 1.664048352 3.7258 0.382498762 46.4877 3.902591164 
July 3 2019 52.3 1.664048352 3.7258 0.382498762 46.4877 3.902591164 
July 3 2019 54 1.664048352 3.7258 0.382498762 46.4877 3.902591164 
July 4 2019 52.9 1.675850114 3.7258 0.385211519 46.8174 3.90092678 
July 6 2019 51.2 1.81747125 3.7258 0.417764605 46.158 3.88258022 
July 7 2019 53.4 1.804489313 3.7258 0.414780572 45.8283 3.88414639 
July 9 2019 54.4 1.830453188 3.7258 0.420748638 46.4877 3.881035482 
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Date [O3] final dark (ppb) [O3] final light (ppb) k (dark) k light SiO2 ratio �후 geo dark 

May 21 2019 48.4 35.6 0.021044 0.208282 6.342971 3.30E-07 
May 21 2019 49.6 32.5 0.010806 0.264856 5.749002 -8.07E-08 
May 22 2019 49.1 43.6 0.020455 0.091848 2.199797 2.36E-07 
May 22 2019 50.5 45.2 0.002375 0.069006 1.857221 -2.49E-07 
May 23 2019 48.9 38.3 0.018418 0.167358 6.912251 3.27E-07 
May 24 2019 48 32.6 0.006227 0.238726 7.480988 -9.24E-08 
May 25 2016 49.7 36.4 0.011971 0.199127 7.035287 1.05E-07 
May 25 2016 50.2 38.1 0.010832 0.178958 8.505323 1.34E-07 
May 26 2019 49.7 32.8 0.006058 0.257581 7.812270 -1.06E-07 
May 26 2019 50 26.4 0.009539 0.393337 13.355858 2.48E-08 
May 27 2019 50.1 46.3 0.004848 0.052932 1.922698 -9.50E-08 
May 27 2019 50.7 38.2 0.012991 0.184328 5.102886 6.79E-08 
May 29 2019 49.6 46 0.008543 0.054475 0.775344 -7.72E-07 
May 29 2019 49.8 23.4 0.019140 0.476262 6.537807 -5.02E-07 
May 30 2019 50.3 35.3 0.001211 0.217080 4.988627 -5.97E-07 
May 30 2019 48.9 20.5 0.018286 0.544450 19.567589 1.27E-07 
May 31 2019 48 44 0.021216 0.074257 1.482284 4.34E-08 
May 31 2019 49.6 28.5 0.016727 0.349702 7.042034 -8.19E-08 
June 3 2019 48.8 33.8 0.021767 0.242475 6.506286 2.06E-07 
June 3 2019 47.7 26 0.008817 0.376096 9.656069 -1.89E-07 
June 4 2019 44 41.2 0.043461 0.082974 2.054076 8.21E-07 
June 4 2019 43.4 25.4 0.050440 0.372372 5.745443 7.56E-07 
June 5 2019 45.6 34.9 0.019589 0.181442 4.097040 8.49E-08 
June 5 2019 46 27.2 0.020843 0.341137 7.728091 1.23E-07 
June 20 2019 52.1 43.9 0.025960 0.128872 4.340101 5.00E-07 
June 27 2019 50.5 36.5 0.025626 0.220729 7.578384 4.95E-07 
July 3 2019 50.8 31.9 0.017487 0.297101 8.419788 2.06E-07 
July 3 2019 52.6 37.8 0.015786 0.214342 6.544320 1.78E-07 
July 4 2019 52.8 35.1 0.001129 0.244773 7.963381 -3.19E-07 
July 6 2019 49.1 38.5 0.023043 0.156856 2.433900 -3.51E-08 
July 7 2019 51.2 44.5 0.023315 0.101038 2.836227 1.60E-07 
July 9 2019 51.9 38.7 0.025701 0.186033 3.154227 -1.10E-07 



APPENDIX A.     SUPPLEMENTARY INFORMATION FOR CHAPTER 2 260 
Date �후 geo light k corr dark k corr light �후 BET dark �후 BET light �후 corr dark 

May 21 2019 5.09E-06 1.14E-02 1.75E-01 1.17E-05 1.81E-04 0.99 
May 21 2019 6.35E-06 -2.78E-03 2.19E-01 -2.04E-06 1.61E-04 0.99 
May 22 2019 1.45E-06 8.14E-03 5.01E-02 1.68E-05 1.03E-04 0.99 
May 22 2019 9.25E-07 -8.58E-03 3.19E-02 -1.98E-05 7.37E-05 1.00 
May 23 2019 4.16E-06 1.13E-02 1.43E-01 6.85E-07 8.69E-06 0.99 
May 24 2019 6.01E-06 -3.18E-03 2.07E-01 -8.31E-08 5.40E-06 1.00 
May 25 2016 4.96E-06 3.62E-03 1.71E-01 1.88E-07 8.87E-06 0.99 
May 25 2016 4.59E-06 4.63E-03 1.58E-01 3.23E-07 1.10E-05 0.99 
May 26 2019 6.52E-06 -3.66E-03 2.25E-01 -9.26E-08 5.68E-06 1.00 
May 26 2019 1.06E-05 8.54E-04 3.64E-01 2.42E-08 1.03E-05 1.00 
May 27 2019 7.38E-07 -3.27E-03 2.54E-02 -1.02E-05 7.93E-05 1.00 
May 27 2019 4.30E-06 2.34E-03 1.48E-01 2.19E-06 1.39E-04 0.99 
May 29 2019 -4.58E-07 -2.66E-02 -1.58E-02 -4.47E-05 -2.66E-05 1.00 
May 29 2019 1.17E-05 -1.73E-02 4.03E-01 -1.10E-05 2.58E-04 0.99 
May 30 2019 5.04E-06 -2.05E-02 1.74E-01 -9.55E-07 8.07E-06 1.00 
May 30 2019 1.50E-05 4.37E-03 5.17E-01 1.80E-07 2.13E-05 0.99 
May 31 2019 7.02E-07 1.50E-03 2.42E-02 2.98E-06 4.81E-05 0.99 
May 31 2019 8.71E-06 -2.82E-03 3.00E-01 -2.23E-06 2.37E-04 0.99 
June 3 2019 5.96E-06 7.10E-03 2.05E-01 3.25E-07 9.39E-06 0.99 
June 3 2019 9.79E-06 -6.52E-03 3.37E-01 -1.62E-07 8.37E-06 1.00 
June 4 2019 1.24E-06 2.83E-02 4.26E-02 7.64E-05 1.15E-04 0.98 
June 4 2019 8.93E-06 2.60E-02 3.08E-01 1.73E-05 2.04E-04 0.97 
June 5 2019 3.98E-06 2.92E-03 1.37E-01 1.23E-07 5.78E-06 0.99 
June 5 2019 8.62E-06 4.23E-03 2.97E-01 1.02E-07 7.13E-06 0.99 
June 20 2019 2.88E-06 1.72E-02 9.92E-02 9.79E-06 5.64E-05 0.99 
June 27 2019 5.56E-06 1.70E-02 1.92E-01 4.93E-06 5.54E-05 0.99 
July 3 2019 7.60E-06 7.08E-03 2.62E-01 1.69E-06 6.25E-05 0.99 
July 3 2019 5.27E-06 6.13E-03 1.82E-01 1.58E-06 4.67E-05 0.99 
July 4 2019 6.22E-06 -1.10E-02 2.14E-01 -3.49E-06 6.80E-05 1.00 
July 6 2019 2.68E-06 -1.21E-03 9.24E-02 -2.01E-07 1.53E-05 0.99 
July 7 2019 1.90E-06 5.50E-03 6.54E-02 1.79E-06 2.13E-05 0.99 
July 9 2019 3.69E-06 -3.79E-03 1.27E-01 -7.44E-07 2.50E-05 0.99 
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Date �후 corr light �후 BET dark corr �후 BET light corr Experiment 

May 21 2019 1.12 1.16E-05 2.02E-04 Commercial Antase Trial 1 (0.1%) 
May 21 2019 1.16 -2.03E-06 1.86E-04 Commercial Antase Trial 2 (0.1%) 
May 22 2019 1.05 1.66E-05 1.08E-04 Natural Anatase 1 Trial 1 (0.1%) 
May 22 2019 1.04 -1.98E-05 7.64E-05 Natural Anatase 1 Trial 2 (0.1%) 
May 23 2019 1.09 6.78E-07 9.50E-06 Rutile Trial 1 (10%) 
May 24 2019 1.14 -8.29E-08 6.15E-06 Natural Anatase 2 Trial 1 (20%) 
May 25 2016 1.11 1.87E-07 9.87E-06 Rutile Trial 2 (10%) 
May 25 2016 1.10 3.21E-07 1.21E-05 Rutile Trial 3 (10%) 
May 26 2019 1.15 -9.23E-08 6.53E-06 Natural Anatase 2 Trial 2 (20%) 
May 26 2019 1.25 2.41E-08 1.29E-05 Natural Anatase 2 Trial 3 (20%) 
May 27 2019 1.03 -1.02E-05 8.15E-05 Natural Anatase 1 Trial 3 (0.1%) 
May 27 2019 1.10 2.18E-06 1.53E-04 Commericial Anatase Trial 3 (0.1%) 
May 29 2019 1.03 -4.45E-05 -2.73E-05 Nat Ana 1 (0.1%) RH0 
May 29 2019 1.32 -1.09E-05 3.40E-04 Com Ana (0.1%) RH0 
May 30 2019 1.12 -9.54E-07 9.07E-06 Rutile (10%) RH0 
May 30 2019 1.38 1.79E-07 2.95E-05 Nat Ana 2 (20%) RH0 
May 31 2019 1.04 2.94E-06 5.00E-05 Nat Ana 1 (0.1%) RH10 
May 31 2019 1.22 -2.21E-06 2.89E-04 Com Ana (0.1%) RH10 
June 3 2019 1.14 3.21E-07 1.07E-05 Rutile (10%) RH10 
June 3 2019 1.24 -1.61E-07 1.04E-05 Nat Ana 2 (20%) RH10 
June 4 2019 1.04 7.47E-05 1.20E-04 Nat Ana 1 (0.1%) RH 50 
June 4 2019 1.23 1.68E-05 2.52E-04 Com Ana (0.1%) RH50 
June 5 2019 1.10 1.22E-07 6.37E-06 Rutile (10%) RH50 
June 5 2019 1.21 1.00E-07 8.62E-06 Nat Ana 2 (20%) RH50 
June 20 2019 1.07 9.66E-06 6.04E-05 Nat Ana (0.5%) Trial 1 
June 27 2019 1.13 4.86E-06 6.24E-05 Nat Ana (1%) Trial 1 
July 3 2019 1.18 1.68E-06 7.36E-05 Nat Ana (1%) Trial 2 
July 3 2019 1.12 1.56E-06 5.24E-05 Nat Ana (1%) Trial 3 
July 4 2019 1.14 -3.48E-06 7.77E-05 Nat Ana (1%) RH10 
July 6 2019 1.10 -1.98E-07 1.68E-05 Nat Ana (1%) RH50 
July 7 2019 1.06 1.77E-06 2.26E-05 Nat Ana (1%) RH0 
July 9 2019 1.12 -7.33E-07 2.79E-05 Nat Ana (1%) RH0 

Raw data and calculations for uptake coefficients for Chapter 2. 
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Figure B.1: Schematic of coated-wall flow tube reactor. 

 

 
 
Figure B.2: Diffusion-corrected uptake coefficients (𝛾corr) for ozone at the surface of 
Mýrdalssandur dust as a function of sample mass (dry conditions, 50 ppb ozone). Filled and 
open circles represent 𝛾corr values under dark and illuminated conditions, respectively. Error 
bars are estimated as 15% of calculated values, as described in Chapter 3. 
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 Al Ca Fe K Mg Mn Na Si Ti 

Bulk 6.3 7.0 11.7 0.7 2.6 0.2 2.4 15.9 3.9 

Surface 
17.6 6.6 11.7 0.7 4.4 <0.1 3.3 53.1 2.6 

 
Table B.1: Elemental bulk and surface composition of Mýrdalssandur dust as determined by 
ICP-MS (wt %) and XPS (at. %), respectively. ICP-MS values represent the average of six 
measurements and are only reported for elements >0.1%. The uncertainties on the 
quantification of major elements are below 10%. At. % for XPS are normalized to elements 
identified and exclude O and C. 

 

 SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total 

 47.23 1.52 2.49 0.00 16.41 0.37 10.03 17.63 0.35 0.02 96.04 

 46.71 2.06 3.54 0.00 14.86 0.34 10.79 18.06 0.41 0.00 96.77 

 49.65 1.14 1.41 0.00 18.17 0.54 11.76 14.13 0.25 0.04 97.08 

 47.99 1.50 2.31 0.00 13.21 0.37 13.59 16.81 0.32 0.02 96.12 

 49.57 0.81 1.49 0.00 20.82 0.52 12.62 12.03 0.19 0.02 98.06 

 45.15 3.77 5.08 0.00 13.43 0.28 11.55 17.06 0.62 0.02 96.98 

 48.96 1.36 2.01 0.00 12.18 0.27 13.42 17.43 0.31 0.04 96.00 
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 49.76 1.74 2.73 0.00 12.21 0.30 13.39 16.73 0.34 0.07 97.27 

 49.86 1.91 3.49 0.04 14.59 0.39 11.96 16.02 0.59 0.14 99.00 

 48.02 1.94 2.82 0.00 13.48 0.36 13.04 16.49 0.35 0.03 96.53 

 49.91 0.69 1.46 0.00 13.55 0.68 11.29 18.78 0.39 0.02 96.77 

 50.13 0.92 1.45 0.00 13.90 0.42 12.60 17.49 0.28 0.02 97.20 

 49.10 0.31 0.25 0.00 30.69 0.79 12.02 3.57 0.10 0.00 96.84 

Average 48.62 1.51 2.35 0.00 15.96 0.43 12.16 15.56 0.35 0.03 96.97 

SD 1.51 0.86 1.24 0.01 5.06 0.16 1.08 4.01 0.14 0.04 0.83 

 
Table B.2: Oxide abundances (wt %) for the predicted mineral phase pyroxene, as determined 
by EMPA for the 75–45 µm density fractionated Mýrdalssandur sample. 

 

 SiO2 TiO2 Al2O3  Cr2O3 FeO MnO MgO CaO Na2O K2O Total 

 
51.39 0.13 29.58 0.00 0.90 0.00 0.16 12.76 4.01 0.14 99.11 

 
64.64 0.04 21.67 0.00 0.41 0.00 0.00 2.33 9.12 1.17 99.39 

 
52.81 0.15 28.55 0.00 0.97 0.00 0.14 11.67 4.72 0.19 99.20 
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54.22 0.21 27.48 0.00 0.86 0.00 0.09 10.07 5.62 0.36 98.92 

 
55.52 0.24 26.64 0.00 1.13 0.00 0.12 9.66 5.71 0.40 99.43 

 
52.86 0.26 27.99 0.00 1.23 0.02 0.22 11.42 4.78 0.21 98.99 

 
51.47 0.15 29.39 0.00 1.15 0.00 0.09 12.74 3.96 0.27 99.25 

 
50.49 0.14 29.93 0.00 0.92 0.00 0.14 13.27 3.83 0.14 98.85 

 
51.00 0.15 29.75 0.00 1.01 0.00 0.15 12.71 4.04 0.15 98.98 

 
52.60 0.18 28.44 0.00 0.93 0.00 0.14 11.38 4.79 0.20 98.68 

 
54.27 0.20 27.81 0.00 0.87 0.00 0.13 10.53 5.19 0.30 99.31 

 
54.20 0.20 26.61 0.00 1.05 0.00 0.08 9.42 5.76 0.54 97.84 

 
53.71 0.20 27.70 0.00 0.85 0.00 0.11 10.67 5.47 0.30 99.01 

 
51.97 0.18 28.92 0.00 1.17 0.00 0.18 11.99 4.43 0.18 99.03 

 
56.17 0.15 26.39 0.00 0.89 0.00 0.08 8.97 6.05 0.43 99.15 

 
53.43 0.18 28.45 0.00 0.98 0.00 0.16 11.32 4.83 0.26 99.62 

 
58.40 0.08 25.19 0.00 0.82 0.02 0.06 7.25 7.05 0.47 99.36 
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51.84 0.15 28.42 0.00 0.96 0.00 0.14 12.03 4.35 0.17 98.08 

 
55.41 0.10 26.87 0.00 0.86 0.00 0.04 9.42 5.72 0.51 98.93 

Average 54.02 0.16 27.67 0.00 0.95 0.00 0.12 10.51 5.23 0.34 99.01 

SD 3.25 0.05 1.93 0.00 0.18 0.01 0.05 2.51 1.26 0.24 0.44 

 
Table B.3: Oxide abundances (wt %) for the predicted mineral phase plagioclase, as determined 
by EMPA for the 75–45 µm density fractionated Mýrdalssandur sample. 

 

 SiO2 TiO2 Al2O3  Cr2O3 FeO Fe2O3 MnO MgO CaO Na2O K2O Total 

 0.00 48.15 0.08 0.00 39.86 6.48 0.50 1.64 0.04 0.00 0.00 96.75 

 0.12 45.78 0.38 0.00 32.70 11.77 0.51 4.28 0.30 0.00 0.03 95.87 

 0.19 46.21 0.09 0.00 37.87 8.08 0.61 1.51 0.46 0.00 0.01 95.03 

 0.69 43.79 0.79 0.00 28.82 15.83 0.32 5.66 0.44 0.08 0.02 96.44 

Average 0.25 45.98 0.34 0.00 34.81 10.54 0.49 3.27 0.31 0.02 0.02 96.02 
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SD 0.30 1.79 0.33 0.00 5.01 4.16 0.12 2.04 0.19 0.04 0.01 0.75 

 
Table B.4: Oxide abundances (wt %) for the predicted mineral phase ilmenite, as determined 
by EMPA for the 75–45 µm density fractionated Mýrdalssandur sample. 

 

 SiO2 TiO2 Al2O3  Cr2O3 FeO Fe2O3 MnO MgO CaO Na2O K2O Total 

 0.14 14.32 1.47 0.00 41.70 37.36 0.82 0.62 0.02 0.05 0.00 96.50 

 0.14 23.30 1.94 0.04 49.10 19.70 0.46 1.41 0.09 0.05 0.00 96.23 

 2.85 17.03 2.44 0.00 47.61 25.93 0.40 0.44 0.33 0.24 0.06 97.33 

 0.11 18.44 3.64 0.07 39.76 29.32 0.37 4.93 0.15 0.00 0.00 96.79 

Average 0.81 18.27 2.37 0.03 44.54 28.08 0.51 1.85 0.15 0.09 0.02 96.71 

SD 1.36 3.76 0.93 0.03 4.52 7.36 0.21 2.10 0.13 0.11 0.03 0.47 

 
Table B.5: Oxide abundances (wt %) for the predicted mineral phase titanomagnetite, as 
determined by EMPA for the 75–45 µm density fractionated Mýrdalssandur sample. 
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 SiO2 TiO2 Al2O3  Cr2O3 FeO MnO MgO CaO Na2O K2O Total 

 
37.22 0.15 0.33 0.00 25.21 0.36 33.66 0.57 0.06 0.02 97.57 

 
35.93 0.11 0.00 0.00 33.07 0.48 28.24 0.33 0.00 0.00 98.19 

 
37.21 0.15 0.04 0.00 24.86 0.37 34.85 0.35 0.00 0.00 97.83 

 
32.97 0.34 0.00 0.00 48.92 0.73 15.27 0.39 0.00 0.00 98.66 

 
37.60 0.71 1.10 0.00 27.85 0.45 28.61 1.49 0.20 0.13 98.13 

 
30.26 5.70 0.21 0.00 47.54 0.90 13.97 0.52 0.07 0.02 99.19 

 
36.99 0.12 0.02 0.00 27.45 0.43 32.06 0.35 0.00 0.00 97.44 

 
33.91 0.20 0.07 0.00 42.06 0.66 19.83 0.53 0.04 0.00 97.32 

Average 
35.26 0.94 0.22 0.00 34.62 0.55 25.81 0.57 0.05 0.02 98.04 

SD 
2.64 1.94 0.37 0.00 10.07 0.19 8.31 0.38 0.07 0.04 0.64 

 
Table B.6: Oxide abundances (wt %) for the predicted mineral phase olivine, as determined by 
EMPA for the 75–45 µm density fractionated Mýrdalssandur sample. 
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 SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O Cl P2O5 Total 

 46.68 4.67 12.94 15.16 0.22 5.15 9.94 3.30 0.74 0.56 0.03 99.37 

 46.82 4.47 12.72 15.27 0.24 5.15 9.98 3.31 0.74 0.64 0.02 99.37 

 47.11 4.66 12.53 15.24 0.25 4.86 9.61 3.51 0.82 0.76 0.03 99.38 

 47.13 4.47 12.69 15.21 0.20 5.17 9.78 3.33 0.75 0.59 0.06 99.38 

 47.22 4.74 12.70 15.36 0.30 4.72 9.45 3.32 0.77 0.76 0.04 99.38 

 47.25 4.58 12.52 15.37 0.22 4.96 9.49 3.34 0.84 0.78 0.05 99.39 

 47.26 4.66 12.59 15.01 0.29 4.89 9.60 3.45 0.80 0.79 0.04 99.39 

 47.27 4.55 12.65 15.31 0.20 5.12 9.67 3.18 0.75 0.62 0.05 99.38 

 47.39 4.52 12.66 15.08 0.23 5.16 9.68 3.20 0.76 0.65 0.04 99.38 

 47.41 4.68 12.64 14.97 0.18 4.96 9.40 3.57 0.86 0.68 0.05 99.39 

 47.41 4.77 12.61 14.80 0.25 4.90 9.46 3.45 0.87 0.80 0.07 99.40 

 47.41 4.70 12.60 15.05 0.27 4.85 9.47 3.32 0.83 0.84 0.04 99.39 

 47.48 4.88 12.54 14.97 0.26 4.88 9.33 3.45 0.78 0.76 0.06 99.40 
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 47.56 4.67 12.79 14.78 0.27 4.96 9.34 3.34 0.87 0.80 0.04 99.40 

 47.87 4.61 12.57 15.05 0.23 4.76 9.27 3.39 0.84 0.77 0.02 99.39 

 47.12 4.77 12.32 15.36 0.22 4.98 9.60 3.37 0.79 0.79 0.05 99.37 

 47.20 4.49 12.46 15.20 0.29 5.04 9.36 3.68 0.91 0.73 0.01 99.38 

 47.21 4.53 12.67 15.14 0.24 5.01 9.67 3.49 0.73 0.65 0.03 99.37 

 47.24 4.52 12.68 15.11 0.27 5.02 9.54 3.49 0.75 0.70 0.06 99.38 

 47.28 4.66 12.86 15.11 0.20 5.08 9.57 3.31 0.75 0.53 0.03 99.38 

 47.34 4.48 12.65 14.95 0.26 5.06 9.79 3.33 0.73 0.71 0.07 99.38 

 47.35 4.55 12.46 15.47 0.20 4.54 9.52 3.63 0.82 0.75 0.08 99.37 

 47.37 4.64 12.45 15.09 0.29 4.90 9.42 3.63 0.80 0.72 0.07 99.38 

 47.40 4.52 12.76 14.94 0.19 5.18 9.69 3.31 0.73 0.61 0.04 99.37 

 47.40 4.57 12.67 14.95 0.26 5.09 9.56 3.32 0.76 0.75 0.05 99.38 

 47.54 4.74 12.51 14.92 0.22 4.92 9.38 3.50 0.84 0.76 0.04 99.38 

 47.54 4.62 12.73 14.95 0.20 5.05 9.52 3.29 0.75 0.66 0.07 99.38 



APPENDIX B.     SUPPLEMENTARY INFORMATION FOR CHAPTER 3 272 

 47.91 4.38 12.56 14.79 0.21 5.16 9.51 3.43 0.77 0.61 0.05 99.38 

 50.17 2.85 13.21 13.82 0.2 5.22 9.63 3.48 0.52 0.28 0.02 99.40 

 50.76 2.65 13.41 13.21 0.22 5.54 9.69 3.16 0.49 0.24 0.03 99.40 

Average 47.54 4.49 12.67 14.99 0.24 5.01 9.56 3.40 0.77 0.68 0.04 99.38 

SD 0.84 0.49 0.22 0.45 0.03 0.18 0.17 0.13 0.09 0.14 0.02 0.01 

 
Table B.7: Oxide abundances (wt %) for the glass fraction, as determined by EMPA for the 75–
45 µm density fractionated Mýrdalssandur sample. As is standard in volcanic ash studies, the 
values are normalized to 100% on a volatile and anhydrous basis, although the original totals 
are reported. Total Fe reported as FeOt. 
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Raw data and calculations for uptake coefficients for Chapter 3. 
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C.1 Sieving procedures 

The road dust sample used in this study was collected using a dustpan and brush, and therefore 

contained particles ranging from >500 to <20 µm. To isolate the resuspendable fraction, we 

used a two-stage sieving method. First, to separate the fine dust from larger particles, the latter 

of which comprised the bulk of the sample, ~150 g of road dust was placed onto an 8 inch 

stainless steel and brass sieve stack (W. S. Tyler) and the >500, 500–212, 212–125, and <125 

µm size fractions were collected using a sieve shaker (AS 200 basic, Retsch). Second, to separate 

the finer fractions, ~23 g of road dust collected from the <125 µm size fraction was placed into 

a 3 inch stainless steel sieve stack (Hoskin Scientific) and the 125–75, 75–45, 45–20, and <20 

µm subfractions were collected using the same sieve shaker. 

Sieving was conducted as described in the American Society for Testing and Materials (ASTM) 

standard sieve method: in particular, the mass of road dust used during both sieving stages was 

7 kg/m2 or less and sieving times were selected based on tap test results.1 To prevent the loss of 

water-soluble material, which we hypothesized would contribute to road dust reactivity, all 

samples were dry sieved. 

Although the <20 µm fraction is most representative of airborne road dust, we used the 45–20 

µm fraction for all experiments conducted in this study, since the <20 µm fraction contained 

insufficient mass. The small relative contribution from the <20 µm fraction likely reflects a 

combination of several factors:  first, the known bias against small particle collection for the 

dustpan and brush method;2 second, the road dust particle size in Edmonton being generally 

larger than in lower-latitude sites, owing to the wintertime application of gravel; and third, 

the prior depletion of smaller particles via wind suspension and/or meltwater runoff. 

C.2 Sample preparation 

C.2.1  Sample preparation for rinsed road dust and road dust leachate 

To prepare the rinsed road dust sample, 1.00 g (± 1%) of road dust was weighed into three 50 

mL centrifuge tubes; then, 40 mL of deionized water was added to each tube. Centrifuge tubes 
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containing sample suspensions were shaken on a table-top shaker (Multi-Platform Shaker, 

Fisherbrand™) at 450 rpm for 10 min and then ultracentrifuged (AvantiⓇ J-26 XPI, Beckman 

Coulter) at 7000 rpm for 10 min. A pipette was used to carefully remove 30 mL of the 

supernatant from the centrifuge tube while avoiding disruption of the road dust pellet; then, 

30 mL of fresh deionized water was added to the tube. This shaking and rinsing procedure was 

repeated 7 times. After the last rinse, the road dust slurries were transferred into a Pyrex 

sample jar, and each centrifuge tube was rinsed several times with a small quantity of deionized 

water to ensure quantitative transfer. This jar was placed in a gravity oven (100L, 

FisherbrandTM) at 324 ± 5 K until the sample was dry.  

The collection of road dust leachate followed the same procedure described above, except in 

this case, ~10 mL of the supernatant was filtered using 0.2 µm nylon filters (VWR) into 15 mL 

centrifuge tubes. These filtered solutions were then analyzed for F–, Cl–, NO2–, Br–, NO3–, SO42–

, PO43–, and I– using ion chromatography, as described in Section C.3.1. 

C.2.2  Sample preparation and experimental details for chlorine activation experiments 

Chlorine activation experiments were performed with the following coated tubes: road dust, 

rinsed road dust, road dust coatings prepared with deionized water adjusted to pH 4 by H2SO4, 

illuminated road dust, road dust mixed with CaCl2 · 2H2O, road dust mixed with anti-icer, 

CaCl2 · 2H2O, anti-icer, and FeCl3 mixed with CaCl2 · 2H2O. A summary of experimental details 

and motivation for each experiment is presented in Table C.6. For these experiments, Pyrex 

insert tubes were prepared as described in Chapter 4.2.2.1, except with a higher mass (200 mg) 

and a different wiping protocol (the first 2 cm and last 1 cm of the Pyrex insert tubes were 

wiped) as an attempt to maximize the total chlorine production. All experiments were 

performed in the dark, unless otherwise stated, and in duplicate. 

C.2.2.1 Road dust doped with anti-icer or CaCl2	·	2H2O	

To explore the role of salts in chlorine activation, we conducted experiments with mixed anti-

icer/road dust and CaCl2 · 2H2O/road dust coatings. To ensure samples contained equal amounts 
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of chloride, either 750 µL of Road Guard PlusTM (4.3 mmol chloride, as estimated from the 

manufacturer SDS) or ~320 mg of CaCl2 · 2H2O (4.3 mmol chloride) was added to the road dust 

during the coating process.  

C.2.2.2 Acidified conditions 

To explore the potential for chlorine activation by water-soluble Fe3+ in road dust, we prepared 

road dust coatings using deionized water adjusted to pH 4 using concentrated H2SO4, which 

has been shown to result in the mobilization of Fe3+ in mineral dust.4 

C.2.2.3 FeCl3 and CaCl2 · 2H2O 

Mixed FeCl3 and CaCl2 · 2H2O coated tubes were used as a positive control for chlorine 

activation, based on published results from Sadanaga and coworkers, who observed Cl2 

formation during ozone uptake by acidified (via H2SO4 addition; pH ~4) FeCl3 and NaCl mixed 

particles.3 Since the authors observed increasing Cl2 yield with increasing Fe content,3 we 

performed experiments using a 1:1 wt ratio of Fe:Ca to optimize our ability to observe chlorine 

activation. Here, coated tubes were prepared by adding deionized water, adjusted to pH 4 using 

concentrated H2SO4, to a mixture of ~88 mg of FeCl3 and ~111 mg of CaCl2 · 2H2O. 

C.3 Sample characterization 

C.3.1  Ion chromatography (IC) analysis 

C.3.1.1 Instrumentation 

Road dust leachate and impinger samples collected from chlorine activation experiments were 

analyzed using ion chromatography (Thermo Scientific Dionex™ ICS-6000 IC) coupled with 

suppressed conductivity detection. Samples were injected using an autosampler (Thermo 

Scientific Dionex™ AS-DV) into a 250 µL sample loop and separated with a Dionex IonPac AS23 

analytical column (4 x 250 mm; P/N: 064149) at 25 °C column temperature; a Dionex IonPac 

AG23 guard column (4 x 50 mm; P/N: 064147) was used to avoid analytical column 

contamination. After separation, a dynamically regenerated suppressor (Dionex™ ADRS 600, 4 

mm; P/N: 088666) held at a compartment temperature of 20 °C was used to suppress the eluent 



APPENDIX C.     SUPPLEMENTARY INFORMATION FOR CHAPTER 4 280 

before it entered the conductivity cell, which was held at 35 °C. Analyte quantification was 

performed using Thermo ScientificTM Chromeleon 7 software. 

C.3.1.2 Anion quantification 

100 mM sodium hydroxide (NaOH) eluent was prepared by dissolving 9.8 mL of aqueous 

NaOH (certified, Fisher Chemicals, CAT#SS254-500, 50% w/w) in 1800 mL of deionized water. 

The eluent was purged with nitrogen gas for 5 min prior to use and kept under nitrogen (4 psi) 

during use.  

Samples were separated using a gradient elution method designed to resolve F–, Cl–, NO2–, Br–, 

NO3–, SO42–, PO43– , and I–. The gradient program starts by holding at 10 mM NaOH for the first 

15 min, followed by a linear increase over 5 min to 60 mM NaOH. The mobile phase 

composition is held at 60 mM for 5 min; then, the NaOH concentration is stepped back to 10 

mM and held for 5 min to re-equilibrate the system prior to injection of the next sample, 

yielding a total separation time of 30 min. The mobile phase flow rate employed for all analyses 

was 1 mL min-1. 

Instrument response was calibrated using a six-point external calibration curve spanning 8.7 

ng mL–1–1.38 μg mL–1 for F–, 87 ng mL–1–13.8 μg mL–1 for PO43–, and 43 ng mL–1–6.9 μg mL–1 

for the remaining analytes. All standards were prepared by serial dilution of commercially 

available stock solutions (Dionex™ Combined Seven Anion Standard II; P/N: 057590, 

VeriSpec™iodide standard; CAT# RV010920-100N). Samples with analyte concentrations that 

fell outside of this calibration range were diluted prior to quantification. 

As shown in Table C.2, all anions were present in road dust leachate above their detection 

limits except for NO2– and I–. For chlorine activation experiments, only Cl– and also F– were 

present above its detection limit. 

C.3.1.3 Quality assurance and control 

To monitor the reproducibility of the instrument’s response over each period of analysis, a 

check standard was injected regularly (at least every 10 injections). DI water obtained from a 
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Milli-QTM Direct 8 water purification system was used as an instrument blank for IC 

measurements. As a result of ion competition effects for analytes and eluent in IC separations, 

peak shape and maxima are both sensitive to the identity of an ion pair and their relative 

concentrations. Therefore, to robustly identify the target analytes across the working range of 

the instrument, a three-sigma retention time window was defined for each ion using the 

standard deviation of the retention times observed across the calibrated range for each analyte. 

This strategy allowed the ions to be reliably quantified and in particular, ensured that Br– was 

not co-eluting with the CO32– in the matrix.  

We tested our approach through the analysis of a randomly selected sample. From the 

commercially available Combined Seven Anion Standard II (which contains Br–), 100 μL was 

added to i) 5 mL of the random sample and ii) 5 mL of deionized water and each was analyzed. 

An increase was observed in the peak areas corresponding to the ions quantified in each of the 

defined windows. We did not observe an increase in the number of peaks in each window, 

confirming that the ions corresponding to each window are correctly identified for 

quantitative analysis. Br– was also found to be baseline-resolved from CO32–, demonstrating no 

co-elution or matrix effects for Br– quantification.  

C.3.2 Elemental analysis by inductively coupled plasma mass spectrometry (ICP-MS) for road  

         dust samples 

C.3.2.1 Instrumentation 

ICP-MS analysis was performed using a Perkin Elmer Elan 6000, which was operated at 1300 

W in dual-detector mode, with auto lens on, and at a flow rate of 1 mL min–1. Sample 

measurements for each replicate were collected over 35 sweeps; three replicates were 

conducted for each sample. Dwell times were 10 ms for Na, Al, K, Cu, Zn, and Sr and 20 ms 

for all other elements, except Se (150 ms); the integration time for each element is the dwell 

time multiplied by the number of sweeps (e.g., 350 ms for Na).  
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Quantification was accomplished using four-point calibration curves (0, 0.25, 0.50, 1.00 ppm 

for Na, Ca, Mg, Fe, K, and P; 0, 0.005, 0.010, 0.020 ppm for the rest of the elements), which 

were obtained using Bi, Sc, and In as internal standards and measured in cps (counts per 

second). Blank subtractions were applied after internal standard corrections. The final results 

of these analyses are presented in Table C.1. 

C.3.2.2 Sample preparation 

Road dust samples (~0.2 g) were acid digested in a beaker at 130 °C using a three-step process: 

first, samples were heated overnight in a mixture of HF (8 mL) and HNO3 (2 mL); second, HCl 

(5 mL) and HNO3 (5 mL) were added and the mixture was heated until completely dry; third, 

8 M HNO3 (10 mL) was added and the mixture was heated for 2 h. 

After the digestion process, the resultant solution was transferred to a 15 mL test tube; to 

ensure quantitative transfer, the beaker was rinsed several times with DI water until a total of 

15 mL of water was added to the test tube. 1 mL of this solution was added to HNO3 (0.1 mL), 

internal standards (0.1 mL), and deionized water (8.8 mL); the final analysis solution was 

shaken well. All acids used were trace metal grade. 

Since HF acid digestion results in the formation of stable SiF4,5 a different digestion method 

was required for Si analysis. First, road dust (~0.2 g) and Na2O2 (~0.8 g) were placed into a Ni 

crucible and heated at 480 °C for 1 h. Second, deionized water (5 mL) was added to the crucible 

and the mixture was transferred to a test tube and centrifuged; the supernatant was decanted 

into a 50 mL centrifuge tube.  

To determine Si in the sample rinse, the solid pellet remaining in the centrifuge tube was 

rinsed twice (5 mL deionized water for each rinse) and the combined supernatants were 

adjusted to a total volume of 20 mL using deionized water. Finally, 0.1 mL of this solution was 

added to HNO3 (0.1 mL), internal standards (0.1 mL), and deionized water (9.7 mL); the 

resultant solution was then analyzed. 
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To determine Si in the sample itself, 8 M HNO3 (10 mL) was added to the test tube to dissolve 

the solid road dust pellet and the solution was transferred to a 125 mL bottle; then, deionized 

water was added (90 mL). Finally, 1 mL of this solution was added to HNO3 (0.1 mL), internal 

standards (0.1 mL), and deionized water (8.8 mL); the resultant solution was then analyzed. 

C.3.3  Total nitrogen, carbon, and organic carbon determination by dry combustion 

Complete combustion of the sample was achieved by transferring a known mass of road dust 

into a combustion quartz tube containing Cr(III) oxide and cobaltous/ic oxide silver catalysts. 

A flow of purified oxygen is added to the quartz tube and its reaction with the Sb or Ag weigh 

boat results in a flash combustion reaction which increases the temperature from 1020°C to 

1800–2000°C. During flash combustion, the carbon in the sample is converted to CO2 and the 

nitrogen in the sample is converted to N2 and NOx.  These combustion gases are carried via a 

stream of ultra high purity (UHP) He through a reduction furnace filled with copper wires 

that reduce NOx to N2. The CO2/N2 gas stream then passes through a MgCl2 sorbent trap to 

remove water and is separated on a 2 m × 6 mm OD stainless steel Porapak QS 80/100 mesh 

packed chromatographic column. Finally, total nitrogen and carbon are detected 

quantitatively by a thermal conductivity detector (Thermo FLASH 2000 Organic Elemental 

Analyzer, Thermo Fisher Scientific Inc., Bremen, Germany 2016.). 

For TOC analysis, road dust samples were weighed in open Ag boats and acidified with 

sequential 50 µL additions of 1 M HCl until no further reaction was observed. Using this 

method, samples will bubble in the presence of inorganic carbon. The samples are then oven 

dried at 40 °C overnight and crushed before analyzing using the Thermo FLASH 2000 system 

described above.    

Acetanilide (C8H9NO; >99+%, ACROS) was used as a calibration standard; the theoretical 

values of 71.09 and 10.36 wt % for C and N, respectively, was used for a five-point calibration. 

Continuing calibration verifications of acetanilide were routinely performed, with required 

recoveries of 95–105% of its theoretical value. Atropine (C17H23NO3; Costech) was used as an 
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external reference standard. A known mass of this standard was analyzed and the recovery 

was calculated based on theoretical values of 70.56 and 4.84 wt % for C and N, respectively. 

C.3.4  Brunauer–Emmett–Teller (BET) surface area by nitrogen adsorption analysis 

Prior to gas adsorption analysis, samples were degassed (activated) in the absence of heat on a 

gas adsorption sample preparation instrument (Smart VacPrep, Micromeritics) in order to 

ensure that the measured surface area is reflective of the surface area presented under our 

experimental conditions. For activation, each sample was weighed into a pre-weighed glass 

sample tube/holder equipped with a filler rod (for the reduction of unoccupied volume) and a 

steel frit ball valve (to prevent the sample from interacting with the atmosphere during 

transfer from the activation instrument to the measurement instrument). Samples were 

activated by evacuating the sample holder at 5.00 mmHg s–1 until 1.00 mmHg was reached. 

Subsequently, the samples were held under an unrestricted vacuum for 24 h. The sample 

holders were then filled with N2 gas, removed from the Smart VacPrep instrument, and 

reweighed prior to gas adsorption analysis.  Gas adsorption isotherm data were collected at 77 

K using N2 gas as the probe molecule on a 3Flex Surface Characterization Analyzer 

(Micromeritics). The data obtained was used to determine the Brunauer–Emmett–Teller (BET) 

surface area by fitting the linear BET equation to the data and ensuring that the 4-point 

criterion was met.6 
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Figure C.1: Total leachable chloride in road dust (n = 3) as a function of rinses. Black, blue, and 
red open circles represent each individual trial; in most cases, variation between trials was 
minimal. 
 

 

Figure C.2: Apparent “recovery” of chloride after leachate (n = 3) dilution as a function of 
rinses. Black, blue, and red open circles represent each individual trial. 
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Figure C.3: Reaction profiles of ozone with a) road dust and anti icer, b) road dust with 500 
ppm added chloride (w/w), c) road dust with 5% added chloride (w/w), d) anti-icer, and e) 
CaCl2 · 2H2O at 70% RH. The blue and yellow regions of the plot indicate periods of ozone 
interaction with the samples under dark and light conditions, respectively. 
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Figure C.4: Reaction profiles of ozone with a) road dust and anti icer, b) road dust with 500 ppm added chloride (w/w), c) road dust 
with 5% added chloride (w/w), d) anti-icer, and e) CaCl2 · 2H2O at 70% RH. The blue and yellow regions of the plot indicate 
periods of ozone interaction with the samples under dark and light conditions, respectively. 
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 road dust rinsed road dust 

element wt % 

Si 33.2 32.6 

Ca 3.3 3.6 

Al 2.5 2.7 

Fe 2.4 2.7 

K 1.0 1.1 

Mg 0.8 0.9 

Na 2.1 0.6 

Ti 0.1 0.1 

element ppm 

P 976.7 980.0 

Mn 585.0 649.1 

Ba 477.1 507.9 

Zn 228.7 241.5 

Sr 132.1 138.4 

Cr 66.0 76.0 

Cu 67.3 72.5 

Pb 49.5 49.1 

V 46.5 49.0 

Ce 38.4 41.2 

Rb 36.3 40.1 

Ni 30.3 28.9 

La 18.1 20.2 

Nd 16.3 16.9 

Li 16.1 16.8 

Y 10.6 11.7 

Sn 8.5 10.3 

Co 7.8 8.1 
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W 14.2 7.9 

Ga 6.2 6.8 

Th 4.3 5.3 

Pr 4.3 4.5 

Sb 4.6 4.5 

As 4.4 4.4 

Nb 4.0 4.1 

Sm 3.1 3.2 

Mo 3.9 3.1 

Gd 3.0 3.0 

Dy 1.9 2.0 

Cs 1.5 1.5 

U 1.4 1.5 

Er 1.2 1.2 

Yb 1.0 1.1 

Eu 0.7 0.7 

Be 0.9 0.4 

Ho 0.3 0.4 

Tb 0.4 0.4 

Se 0.5 0.3 

Cd 0.2 0.3 

Ag 0.2 0.3 

Tl 0.3 0.3 

Tm 0.2 0.2 

Lu 0.2 0.2 

Ru 0.1 0.1 
 

Table C.1: Elemental composition of road and rinsed road dust samples, as determined using 
ICP-MS. 
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ion wt % 

Cl– 

  
  

2.9 

2.9 

2.8 

ion ppm 

SO42– 

  
  

576.8 

560.4 

552.5 

NO3– 

  
  

82.1 

82.5 

83.6 

F– 

  
  

21.3 

35.7 

34.6 

PO43– 

  
  

6.3 

18.4 

10.0 

Br– 

  
  

8.2 

8.5 

9.3 

NO2– 

  
  

undetected 

undetected 

undetected 

I– 

  
  

undetected 

undetected 

undetected 
	

Table C.2: Leachable anion content of road dust, as determined by IC analysis (n = 3).  
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total	nitrogen	

(TN)	

total	carbon	

(TC)	

total	organic	

carbon	(TOC)	

total	inorganic	

carbon	(TIC)	

road	dust	 0.16	 5.58	 4.23	 1.35	

rinsed	road	dust	 0.12	 4.80	 3.88	 0.92	

 
Table C.3: Total nitrogen, carbon, organic carbon, and inorganic carbon (all reported as % 
w/w) content of road dust and rinsed road dust, as determined by dry combustion analysis. 
 
	
	

sample	 BET	surface	area	(m2	g–1)	

road	dust	 8.10	

rinsed	road	dust	 7.02	

 
Table C.4: Specific surface areas (BET; m2 g–1) of road dust and rinsed road dust, as determined 
by nitrogen adsorption analysis. 
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element	 wt	%	

Ca	 13.1	

Mg	 1.3	

K	 1.0	

Na	 0.7	

Sr	 0.3	

element	 ppm	

Zn	 655.6	

Al	 46.5	

Mn	 15.8	

Ba	 6.2	

Sn	 5.7	

Cu	 2.3	

Be	 0.8	

Cr	 0.6	

Pb	 0.5	

V	 0.2	

Ag	 undetected	

As	 undetected	

Cd	 undetected	

Co	 undetected	

Fe	 undetected	

Mo	 undetected	
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Ni	 undetected	

Sb	 undetected	

Se	 undetected	

Ti	 undetected	

Tl	 undetected	

 
Table C.5: Elemental composition of Road Guard PlusTM, as determined by ICP-MS.
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sample	 illuminated	 acidified	 motivation	

road dust   to explore chlorine activation by 
road dust 

rinsed road dust   to explore chlorine activation by 
road dust with reduced chloride 
content 

road dust + light ✓  to determine if chlorine activation 
is driven by light 

road dust + anti-icer   to determine if anti-icer enhances 
chloride activation in road dust 

road dust + CaCl2 · 
2H2O 

  to determine if salts enhance 
chloride activation by road dust 

road dust (pH adjusted)  ✓ to explore whether mobilized Fe3+ 
enhances chloride activation in 
road dust, as demonstrated by 
Sadanaga et al.3 

anti-icer   to determine if anti-icer is driving 
chlorine activation 

CaCl2 · 2H2O   control experiment; to verify 
chlorine activation is not driven by 
salt alone 

FeCl3 + CaCl2 · 2H2O 
(pH adjusted) 

 ✓ positive control, as demonstrated 
by Sadanaga et al.3 

empty tube   blank control 

 

Table C.6: Summary of sample-coated tubes for chlorine activation experiments. Further 
details regarding sample preparation are provided in Section C.1.2. 
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Raw data and calculations for uptake coefficients for Chapter 4. 


	Chapter 1–Introduction
	Chapter 2–Photocatalytic Activity of Natural Ti-Containing Minerals
	Chapter 3–Ozone Photochemistry at the Surface of Volcanic Dust
	Chapter 4–Heterogeneous Chemistry of Urban Road Dust and Anti-Icer
	Chapter 5–Design and First Application of an Aerosol Flow Tube
	Chapter 6–Conclusions and Future Directions
	References
	Appendix A–Chapter 2
	Appendix B–Chapter 3
	Appendix C–Chapter 4

