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1.1

Overview of AMS datasets of non-refractory PM;. Pie charts show the average mass con-
centration and chemical composition with the following color code: organics (green), sulfate
(red), nitrate (blue), ammonium (orange), and chloride (purple). Colors for the study labels
indicate the type of sampling location: urban areas (blue), < 100 miles downwind of major

cites (black), and rural/remote areas > 100 miles downwind (pink). Reproduced from Zhang
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Radiative forcing induced by greenhouse gases, stratospheric water vapour, surface albedo,
aerosol particles, between 1750 and 2005. Reproduced from IPCC, AR5 (2013)2. . . . . . ..
Catalytic mechanism of a photosensitizer (P). The initial step is the excitation step leading
to the singlet state (P*(s)) production followed by the singlet to triplet (P*(t)) intersystem
crossing. P*(t) can react with oxygen producing singlet oxygen or with an organic molecule
producing an intermediate radical (PH') which can react the a electron/H atom acceptor
leading to the production of P. . . . . . . .. .o
Proposed reaction pathways for imidazole formation in the glyoxal/ammonium sulfate system
are shown. Green colored compounds were previously described in literature#; orange colored
compounds were identified in this work. Reproduced from Kampfet al.® . . . . ... ... ..
Photochemical catalytic cycle of an iron-carboxylate complex in a particle. FeCA (iron
citrate) is photolyzed leading to the reduction of iron to Fe?* and the decarboxylation of the
ligand and the production of an organic radical. The latter reacts with oxygen leading to HO4
and a new stable molecule, which can further react with HO, or by cycling with Fe3*, leading
to the decomposition of citric acid to oxygenated volatile organic compounds (OVOC). HO»
reduces Fe?t back into Fe?*, which can be complexed again by citric acid. . . . . . . ... ..
Classification into solid, semi-solid and liquid states of various substances as a function of
dynamic viscosity. For organic liquids the molecular diffusion coefficient D, can be inferred
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Setup 1 after accounting for differences between Setup 1 and 2; see Sect. 3.1.1. . . . . . . ..
HO, fluxes in molecules cm ™2 min~' as a function of actinic flux for a 300 — 420 nm range
(solid symbols). The data are plotted as a concentration product of [IC] x [CA] (shown in
the legend), which shows the photochemical reaction between IC and CA in HoO matrix and
gaseous NO. HONO for 2.441 ([IC] x [CA]) is plotted on the right axis (open circles), showing

a ratio of HONO : NOy < 1, which suggests OH as a secondary product. . . . . . . ... ...
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Proposed mechanism, modified and expanded to photosensitization of IC based on Canonica
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Abstract Atmospheric aerosol particles suffer transformations during their residence time in the
atmosphere (10 days on average). These transformations, known as aerosol aging, include physical transfor-
mations or chemical processes and are intensely influenced by the physical properties of the particles such as
viscosity, diffusivity or absorption. The understanding of these transformations is essential to evaluate their
impact on climate, air quality and health. Photochemistry may start aging processes by the presence of
chromophores in aerosol particles that act as photocatalysts inducing oxidation of non-absorbing molecules,
known as indirect photochemistry. Even though initial photochemical excitation occurs ubiquitously over
the whole particle, the diffusion of the reactants plays a key role in the chemical processes that follow. The
scope of this thesis is to assess the role of indirect photochemical aerosol aging in the life cycle of aqueous
atmospheric aerosol particles including radical production, halogen activation and chemical evolution, to
understand the links with the microphysical properties and to provide a sound basis for integration of these
processes in atmospheric models. We aim to find out whether indirect photochemical aerosol aging processes
are ffected by transport limitations and changing photochemical regimes in viscous aqueous particles and to
what degree indirect photochemical processes feed back to the microphysical properties.

The two light absorbing species families we are interested in are iron complexes, specifically Fe(IIT)
citrate and aromatic ketone photosensitizers, which are brown carbon (BrC) substances, such as imidazole-
2-carboxaldehyde (IC) among others. Iron (Fe(III)) carboxylate complexes absorb light below about 500
nm which leads to reduction of iron to Fe(IT) and oxidation of the carboxylate ligands, which initiates the
degradation of carboxylate ligands producing a broad spectrum of compounds, including OVOCs. This
process represents an important sink of organic acids in the troposphere?’. Fe(III) carboxylate complexes
are well-known to be photochemically active and they trigger Fenton-like reactions which are the dominant

source of OH radicals in aerosol particles?!:22,

Aromatic carbonyl photosensitizers absorb above 300 nm
and form triplet excited states which initiate redox processes with other compounds by H atom abstraction
from organics or electron transfer triggering organic and HOy radical chemistry. Photosensitized processes
provide an important contribution to condensed phase radical production and aerosol aging.

Measurements of HO4 radical release from films containing BrC chromophores and citric acid, which is the
matrix and main H atom donor, are performed as a function of chromophore content, relative humidity (RH),
gas phase oxygen content and thickness. Experiments with additional donors such syringol, shikimic acid or
halides are performed. In addition, iodine release, photochemically induced by IC, is measured as a function
of time. We assess the contribution of photochemistry to radical budgets and redox activity, compare the
impact on the gas phase versus internal cycling and consumption, as well as the photochemically induced
halogen activation and release, and determine the effect of diffusion and water content on these processes.
Aerosol growth induced by IC photochemistry by reactive uptake of an organic H atom donor is also assessed.

The evolution of carbon functional groups is followed in single particles containing Fe(III) citrate and citric
acid exposed to humidity and oxygen under irradiation by scanning transmission X-ray microscopy (STXM)
experiments. Non-volatile organic compounds produced by Fe(III) citrate photochemistry are analyzed with
high pressure liquid chromatography mass spectromety (HPLC-MS) of the extracts of irradiated samples of
iron citrate. STXM and HPLC-MS measurements provide us with information about the chemical evolution

and the efficiency of functionalization or oligomerization. By means of OVOCs release measured in SOA
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with and without iron under irradiation the impact in the gas phase and to the mass loss in SOA due to

photochemistry will be assessed.
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1 Introduction

1.1 Atmosphere

Atmosphere (from Greek atmos ”vapor, steam” + sphaira "sphere”) refers to the gases and particulate
matter surrounding a star or planetary body held in place by gravity. A planet’s atmosphere shields the
planet’s surface from harsh radiation from the outer space and it moderates the amount of energy lost to
space from the planet’s interior. An atmosphere also makes possible features such as the existence of water
on a planets surface by supplying the pressure needed to keep the liquid from boiling away to space or the
existence of life on the surface of a planet. The Earth atmosphere is composed mainly of nitrogen gas (78
%), oxygen gas (21 %), Argon (0.934 %), carbon dioxide (0.038 %) and a variable content of water (< 1 %).
Other gases present in minor concentration are trace gases such as ozone (Os), sulfur dioxide (SOz2), nitrogen
oxides (NOy) or methane (CH4). Besides gaseous components, condensed aerosol particles are also present
in the atmosphere. Typically the mass concentration of those near the surface of the Earth is between 5
and 50 ug per cubic meter. Although the concentration is relatively low, they play a key role in climate and

human and ecosystem health.

1.2 Aerosol particles and aerosol aging

An aerosol is defined as a suspension of liquid and solid particles in a gas. Different types of aerosol
are ubiquitously distributed through the entire atmosphere. The diameter of atmospheric aerosol particles
ranges between a few nanometers up to tens of hundreds of nanometers. They can be separated in three
modes: nuclei mode (< 0.1 pm), accumulation mode (from 0.1 to about 2.5 um) and coarse mode (> 2.5
pum). Aerosol particles produced by mechanical processes are generally larger than 0.1 ym in diameter and
mostly above 1 pm. Homogeneous nucleation from the gas phase leads to particles in the low nanometer
range (nucleation mode). The composition of atmospheric aerosol particles is very diverse because of the
large number of sources that exist and all the physical and chemical processes that they are involved with. It
has been demonstrated that aerosol particles play an important role in the Earths climate?? and they affect

air quality and, in turn, human health and ecosystems?*2°.

1.2.1 Sources of atmospheric aerosol particles

Atmospheric aerosol particles can either have natural or anthropogenic sources and are either emitted
as primary particles (i.e. they are directly emitted into the atmosphere) or formed by secondary processes
(i.e. by transformation of emitted precursor gases). The primary sources of aerosol particles comprise wind-
blown mineral dust, sea spray, biological particles, biomass burning or volcanic activity. The secondary
aerosol particles are generated by nucleation of new particles or by particle growth or aging of the existing
particles.

Mineral dust

Mineral dust aerosol refers to the mineral particles emitted into the atmosphere by wind 2% from arid regions.
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Once emitted, dust particles can be lifted up into free tropospheric regions through turbulent diffusion and
vertical advection?”. Afterwards, depending on the dynamical situations of the free troposphere, they can
be dispersed further away from their source regions. Especially, the finer dust particles can stay in the atmo-
sphere for a week or more?® and can be easily transported over large distances from their source region 2930,
Typical sizes of long-range transported mineral dust particles are from some hundreds of nanometers up to
10 micrometers in diameter3!. Because of the large emissions and transport, mineral dust is an important
and dominant component of atmospheric aerosol in many regions of the planet. Ginoux et al.3? attributed
the 75 % of the global dust emissions to natural origin, while 25 % are related to anthropogenic (primarily
agricultural) activities. The main source of mineral dust is the Sahara desert, which produces about half of
the annual mineral dust333*. Iron compounds in soil dust absorb visible radiation triggering photochemistry
and contributing to atmospheric warming, while scattering of mineral dust particles leads to surface cooling.
These effects might impact wind circulation and affect climate on a regional scale3%36,

Sea spray aerosols
The marine aerosol constitutes one of the most important natural aerosol systems globally. The primary
aerosol production results from the interaction of wind stress at the ocean surface and results in the me-
chanical production of sea-spray aerosol (sea spray being the combination of inorganic sea salt and organic
matter)3”. Sea spray is produced via beaking waves and the bubble-bursting process typically resulting from
whitecap generation, producing film and jet drops, resulting in sea-spray particles in the submicrometre
and few micrometres size range, respectively. The principal constituents of sea-spray aerosol particles are
inorganic salts, such as sulfate, ammonium, nitrate or chloride and mineral dust®®. Although the nature
of sea-spray particles is inorganic, a substantial fraction of organic compounds is normally found in marine
aerosols. The organic matter can be incorporated into primary sea spray particles produced?® from the sea
surface microlayers by the processes of sea-spray generation mentioned above. The sea surface microlayer re-
sults from the accumulation of poorly soluble and often surface active organic material deriving from marine
biota 0.

Biological aerosol particles
Biological aerosol particles include biological components, such as cellular particles lifted up into the at-
mosphere, including microorganisms, such as bacteria, algae, fungi or viruses, or dispersal material such
as fungal spores, pollen, viruses and biological fragments ranging in size from tens of nanometers to mil-
limeters*'. The concentration heavily varies with location, altitude and season. It has been estimated that
biological aerosol comprise 25 % of the total aerosol mass globally 4142,

Secondary organic aerosols (SOA)
Atmospheric secondary aerosols originate from gas-particle conversion processes such as nucleation and
growth of new particles, condensation of gas phase compounds onto existing particles and heterogeneous and
multiphase chemical reactions. The precursors of secondary aerosol are gases such as SOy, NOy, NH3 and
VOCs and intermediate-volatility organic compounds (IVOCs). Those compounds are generally oxidized (or
neutralized, in case of acids or bases) by gas-phase chemistry or by multiphase chemistry. The resulting
compounds such as HoSO4, HNOj3 or low volatility organic compounds (LVOCs) have partition coefficients

low enough to be able to condense on existing particles or nucleate new particles*>. A main contribution to
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the secondary aerosols is of inorganic nature but an important contribution comes from organic compounds,
which produce the so-called secondary organic aerosols (SOA). It has been found that many kinds of VOCs

4547 or anthro-

are able to produce SOA #* such as biogenic compounds (alpha-pinene, limonene or isoprene
pogenic compounds (aromatics)*®. The gas phase composition plays an important role on SOA composition
and properties. Surratt and coworkers?® found that different NOy concentrations in the gas phase lead to
a different composition of SOA produced by photooxidation of isoprene. This study points out that SOA
composition can be different when deriving from the same precursor but under different conditions, e.g., in
clean (low NOy) and polluted (high NO). Marine spray aerosol particles can produce SOA by partition-
ing of oxidized volatile organic compounds such as dimethyl sulfide (DMS), aliphatic amines, isoprene and
monoterpenes®’ by oxidants such as OH and Oz and BrO.
Biomass burning
Biomass burning particles are the ones emitted by wildfires, combustion in residential fire places and wood
stoves, etc. They contain carbon in the form of soot and organic carbon®'. Emissions from biomass burning
are often dominated by OC (pyrolysis products of lignin and polysaccharides), especially in wildfires.
Volcanic activity
Volcanic particles are made by fragmentation of magma (ash particles) and entrainment of ash particles?:53.
Their elemental composition is identical to that of the magma. Volcanic gases, such as sulfuric acid or metal

halides or hydroxides can induce nucleation and partitioning into the existing volcanic particles.

1.2.2 Composition of atmospheric aerosol particles

The composition of aerosol particles in the atmosphere is extremely diverse because of the large number
of sources that exist and all the physical and chemical processes that they are involved in. Therefore, the
composition is dependent on location and time. Figure 1.1 shows an overview of the content of organics, sul-
fate, nitrate, ammonium and chloride of non-refractory PM; measured by aerosol mass spectrometry (AMS)

at different locations?

. The nature of atmospheric aerosol particles is inorganic and organic. According
to Zhang et al.! the organic fraction comprises between 18 % and 70 % of the measured mass, while the
organic fraction can rise up to 90 % in tropical areas®®. Because of the large number of sources of organic
compounds and the transformations of them in the atmosphere, the organic fraction of compounds found
in aerosol particles is an extremely wide spectrum of compounds with different properties®. Due to the
complexity of the organic fraction, it is usual to use bulk properties to classify the organic molecules such

as oxygen to carbon (O:C) ratio, (H:C) ratio, volatility, solubility in water or degree of polymerization.

1.2.3 Aerosol aging

The life time of an aerosol particle in the atmosphere is on average about 10 days. During this time an
aerosol particle suffers chemical and physical transformations®$ 8. Aerosol aging refers to all these transfor-
mations that alter the physical and chemical properties of the atmospheric aerosol particles. Aerosol aging
comprises physical transformations such as growth by uptake of compounds from the gas phase, such as

uptake of organics onto mineral dust particles'?, coagulation of several particles®® or phase separation .
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61

Aging can also be driven by chemical processes such as condensed phase reactions®!, reactive uptake 2, cloud

processing %3, or gas phase reactions followed by partitioning to a particle. Some examples of aging by reac-

tive uptake are ozone reactive uptake%* or OH reactive uptake®. Aerosol aging driven by reactions within

66-68

particles can be induced by processes such as photochemistry or radical chemistry%®. The reactions

that induce aging of organic compounds may be classified into fragmentation, oligomerization and func-
tionalization®”. Regarding photochemistry in the condensed phase, particle phase photochemical processes
contribute to aerosol aging by multiple mechanisms. Energy-transfer or charge-transfer reactions driven

10,70,71 " bhotolysis of nitrate and nitrite resulting in free radicals 2,

73,74

by triplet states of organic compounds
photochemistry of iron carboxylate or free iron2°, and photolysis of carbonyls are some of the examples
of these processes.

Aging can lead to changing optical properties of the particles like scattering and absorption. Aging

3,75,76

increases (browning) or decreases (bleaching) the absorbance of the condensed phase material”” and

the molecular mass and nature of the SOA compounds. The production of conjugated systems is usually
the reason of enhancement of the absorption .

Aerosol hygroscopicity is another property that aging can change, which influences optical properties,
the effectiveness as cloud condensation or ice nuclei and their respiratory track deposition. Due to the
competing effects between fragmentation and functionalization, hygroscopicity will increase or decrease as
aging occurs®. Aging also changes the volatility distribution of the SOA compounds resulting for example
from photo-induced fragmentation or oligomerization of SOA compounds (independent of whether this occurs

in the gas or condensed phase) into more or less volatile products 780,
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Figure 1.1: Overview of AMS datasets of non-refractory PM;. Pie charts show the average mass concentration
and chemical composition with the following color code: organics (green), sulfate (red), nitrate (blue), ammonium
(orange), and chloride (purple). Colors for the study labels indicate the type of sampling location: urban areas (blue),
< 100 miles downwind of major cites (black), and rural/remote areas > 100 miles downwind (pink). Reproduced
from Zhang et al.®.



1 INTRODUCTION 19

Carbon dioside —
Long-lived | pethane [
greenhouse
(negative radiative forcing is because

‘3 gases Halogenated gases ] some of these gases destroy ozone)
= " .
£ Nitrous oxide .I
= ',
@< Shortlived gases that create
E ozone or create or destroy ’|
]

other greenhouse gases :
E .
T Aerosols (solid or liquid particles) —4— black carbon (soot)

Changes in clouds due to aerosols I—-

]
® Change in albedo* due to land use *reflectiveness of Earth’s surface
=
% Change in energy from the sun
= Net total due to human activities
-1 0 1 2 3
Cooling Warming

Radiative forcing (watts per square meter)

Figure 1.2: Radiative forcing induced by greenhouse gases, stratospheric water vapour, surface albedo, aerosol parti-
cles, between 1750 and 2005. Reproduced from TPCC, AR5 (2013) 2.

1.2.4 Influence on climate, ecosystems and human health

It has been demonstrated that aerosol particles and greenhouse gases play an important role in the
Earths climate , as documented in the reports of the Intergovernmental Panel on Climate Change? (see Fig.
1.2). Atmospheric aerosol particles affect climate in different ways. The direct effect refers to interaction
of aerosols with radiation via scattering and absorption, which cause cooling and heating of the atmosphere
respectively. The semi-direct effect refers to the heating of the aerosol by absorption of radiation, which
reduces the relative humidity and induces the evaporation of the clouds. The indirect effects are related
with the increasing number density of atmospheric particles, which leads to higher number density of cloud
droplets and to a decrease in the cloud droplet size. This increases the albedo, inducing cooling of the
atmosphere, and a decrease in the cloud precipitation efficiency. According to Boucher et al.?3, the current
best estimate for the total effective radiative forcing by aerosols is -0.9 W m?.

Public health is affected by airborne particulate matter exposures that are currently experienced by urban
populations in both developed and developing countries2. Government and air-quality monitoring agencies
track and regulate 10-pm-diameter (PM;jg) and 2.5-pm-diameter (PMjy 5) particles. The unregulated ultrafine
particles (smaller than 100 nm in diameter) are the major component in vehicle emissions and they have
the largest surface area and highest content of potentially toxic hydrocarbons among all PM sources8:82.
They are potentially the most dangerous because they can also penetrate deeper into lung tissue than fine or
coarse particles. The range of health effects that exposure to aerosol has is broad. These effects are related

8 85 Since aerosol

with respiratory diseases including allergies®?, cardiovascular diseases®® and lung cancer
particles play such an important role in climate and human health, it is very important to understand the
processes of formation, growth, aging and deposition as well as the transport through the atmosphere.

In addition, air pollution contributes to nitrogen deposition above eutrophication limits for large fractions
of Europe’s terrestrial and marine ecosystems?, leading to a substantial loss of biodiversity. Ozone and

nitrogen deposition also influence yields of agricultural crops and forest productivity.
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1.3 Oxidative radicals in the troposphere

In this section and in the whole thesis radical dots (in species such as HO2, OH, NO or NOg) are
usually omitted as is common practice in atmospheric chemistry. The sources and sinks of radicals play an
important role in the oxidative capacity of the atmosphere. Radicals and other oxidants initiate the chemical
degradation of various trace gases, which is key in the troposphere, where these radicals are also considered
the cleansing agents to remove pollutants. The hydroxyl (OH) and hydroperoxy (HO3) radicals belong to the
HOy chemical family and are primarily generated by ultraviolet radiation photochemical reactions (Calvert
and Pitts, 1966), like the reaction of O(*D) (from photolysis of O3) with HoO or photolysis of HONO,
HCHO, H50; or acetone. Some secondary gas phase sources are the ozonolysis of alkenes or O(*D)+CH,86.
The oxidation of volatile organic compounds (VOCs) by OH and other oxidants in the presence of NO leads
to perturbations in the HO,, NO, and RO, radical cycles that affect O3 and aerosol formation®37. The

main source of OH radical is started by the photolysis of ozone.

0, % 0, + O('D) (R1)
O ('D) + H,O — 20H (R2)

Other sources of OH are the photolysis of HyOs.

H,0, 2% 20H (R3)
HONO % OH + NO (R4)

The main source of HOs is driven by these reactions:
CO+0OH — COy+H (R5)

Oy +H+ M — HOy +M (R6)

Some examples of termination reactions for HOy radicals are:
HO5 + HO3 — Hy05 + O (R?)

NO, + OH —3 HNO3 (R8)

The kinetics and photochemical parameters of these reactions are relatively well-known in the gas phase®8.

However, this does not apply to the sources and sinks for HO, in atmospheric droplets and in aerosol
particles®”. Photolysis of HyOo, nitrate, nitrite?, hydroperoxides®' and light-absorbing secondary organic
aerosol (SOA)?? are the primary photochemical sources for HO, in the condensed phase?2. Other sources of
HOy radicals are the uptake of OH from the gas phase or the chemical reactions of reduced metal ions and

H05, known as Fenton reactions?*%4. Other studies have shown that the photochemistry of Fe(III) oxalate
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and carboxylate complexes, present in aqueous environments (e.g., wastewater, clouds, fogs, particles), can
initiate a radical chain reaction serving as an aqueous source of HO5 and Fe™2. Fet? can then regenerate OH

95,96 The temperature-dependent rate coeflicients in the aqueous

starting a new cycle of Fenton reactions
phase have been studied for a limited subset of organics®”. However, there is still a wide gap with respect
to understanding the sources, sinks, kinetics and photochemical reaction pathways of HO, radicals in the
condensed phase®”. A quantification of the OH radical production within atmospheric aerosol particles based
on previously established and well characterised radical sources is attempted in the chemical aqueous phase
radical mechanism (CAPRAM) model?? leading to an OH production within aerosol particles and uptake
from the gas phase of about 15 M per day. It is one of the goals of this thesis to challenge this number by

considering indirect photochemical radical sources not well characterized so far.

1.4 Brown carbon

1.4.1 Properties of brown carbon

Most OC compounds in atmospheric aerosol particles absorb strongly in the IR and UV, because of the
vibrational modes and electronic transitions from saturated molecules respectively, but their absorption in the
visible and near UV is low. Atmospheric brown carbon (BrC) is defined as the fraction of organic compounds
in atmospheric aerosol particles that absorb efficiently in the UVA-VIS range %9, BrC is usually composed
of molecules with a 7 conjugated system such as polycyclic aromatics, humic-like substances, biopolymers,
etc. The light absorption in aerosol particles is dominated by three classes of constituents, black carbon

(BC), which represents soot-like particulates generated by fossil fuel combustion and biomass burning !9,

101-103

BrC, which is ubiquitously present in the troposphere and mineral dust. Absorption of solar radiation

by BrC has been estimated at 0.1—0.25 W m~2 globally, which is approximately 25 % of the radiative forcing

by black carbon or soot '3, BrC reaches the aerosol phase of the atmosphere by fossil fuel combustion 194193,

106,107 108,109

, gas phase photooxidation of VOCs , aqueous phase radical processes %111 and

112,113

biomass burning

non-radical aqueous phase processes

1.4.2 Brown carbon photochemistry and photosensitizers

BrC can also initiate photochemistry resulting in changing composition and physical properties of aerosol
particles, being able either to enhance or to reduce light absorption by BrC. For example, aqueous-phase aging
of organic material may form light-absorbing oligomeric products, as indicated in studies where increased
0/C ratios of OA were found to correlate with enhanced light absorption 14115 On the other hand, direct
photolysis of BrC may efficiently photobleach BrC with different photolysis rates highly specific to certain

77,80,116  Compositional changes may be partially related to triplet forming BrC

types of chromophores
species, so called photosensitizers, which may catalyze radical chain reactions. Many known photosensitizers
are carbonyls, which absorb above 300 nm especially when attached to an aromatic system. Figure 1.3
illustrates the catalytic cycle of a photosensitizer with an initial excitation step, followed by singlet (P*(s))

to triplet (P*(t)) intersystem crossing. The reason for why triplet states are usually more important than
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Figure 1.3: Catalytic mechanism of a photosensitizer (P). The initial step is the excitation step leading to the singlet
state (P*(s)) production followed by the singlet to triplet (P*(t)) intersystem crossing. P*(t) can react with oxygen
producing singlet oxygen or with an organic molecule producing an intermediate radical (PH') which can react the
a electron/H atom acceptor leading to the production of P.

RH

singlet states, even if the reactivity of the singlet is higher, is, because the triplet’s steady-state concentration
is higher than that of singlets. Normally the production rate is 15 — 100 times faster for singlet states but
the decay is around 20000 times faster for singlet states''”. The triplet state can either act as an oxidant to

partially oxidize organic molecules such as phenols 8119

or react by an energy-transfer reaction with oxygen
producing singlet oxygen!'” and go back to the ground state of the photosensitizer (P). By reacting with
organic molecules by hydrogen abstraction, an intermediate radical is produced (PH"), called ketyl radical,
when the photosensitizer is a carbonylic compound and the radical sits on the carbonyl carbon. This
intermediate radical usually reacts with an electron/H atom acceptor (A) reducing it to AH and bringing
the photosensitizer back to the ground state (P). O can act as an electron/H atom acceptor producing
a superoxide (O27) or hydroperoxy radical (HO2), respectively. Since photosensitizing BrC compounds
absorb in the wavelength range above 300 nm, where direct photolysis of the majority of other organic
aerosol components is not possible, the photochemistry initiated by photosensitizer triplets is also called
“indirect photochemistry”.

Photosensitized chemistry is well-established in aquatic photochemistry 17119

and has been recently
recognized as contributors to the oxidant budget in airborne particles67:120-123_ This may therefore represent
an important contribution to aerosol aging. Imidazole-2-carboxyldehyde is a well-known photosensitizer
present in atmospheric aerosol particles in the range of ng per cubic meter'?* which together with other
imidazole forms are products from the multi-phase chemistry of glyoxal and ammonium sulfate (AS) in
aqueous aerosols (Fig. 1.4)3>10:123 " Glyoxal is an important oxygenated volatile organic compound (OVOC)
and some of its sources are the oxidation of VOC such as acetylene, aromatics, or biogenic compounds.
Other examples of photosensitizers are benzophenone and 4-benzoylbenzoic acid ''°. Those together with
other aromatic carbonyls, they may be formed as intermediates in the photooxidation of aromatic compounds

125,126 127-130

in the gas phase or also by condensed phase oxidation of biomass burning products
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Figure 1.4: Proposed reaction pathways for imidazole formation in the glyoxal/ammonium sulfate system are shown.
Green colored compounds were previously described in literature®?; orange colored compounds were identified in

this work. Reproduced from Kampf et al.®
1.5 Iron in atmospheric particles

1.5.1 Sources and mobilization

Iron is the most abundant transition metal at the Earth’s surface. It is mobilized from mineral structures

as well as reaching aquatic atmospheric systems such as aerosol particles. The main sources of iron are

94,131

wind-blown dust emissions, industrial processes or combustion . Iron reaches the atmospheric aerosol

particles mostly as aluminosilicate minerals (either in Fe(II) or Fe(III)), as iron oxides or hydroxides %4:132:133

which are mainly hematite (Fe;O3), goethite (R-FeOOH) 134, nanosized amorphous and/or poorly crystalline

35

Fe-oxyhydroxides and clays'3®. In pollution events iron can be found as sulfides (FeSy, FeS and Fe;_,S),

36

which are products of coal combustion!36. Once iron containing mineral particles are in the atmosphere,

they start taking part in several chemical processes such as gas-solid heterogeneous chemistry on the surface

of solid particles!37.

137 which in turn leads to uptake of water on the surface of the

Mineral dust takes up acidic gases
solid mineral particle. Iron can then be dissolved, which can happens by two different mechanisms: (i) Acids
present in aerosol particles such as HySO, (from SO2) or HNOj3 (from NOy emissions) promote the dissolution
of iron cations (Fe*? and Fet3). The presence of protons adsorbed at the surface of a mineral weakens the
0-Al and O-Si bonds, distorting the mineral structure and loosening the O-Fe bond, which facilitates the

138 or sulfate 139,

mobilization of iron cations®. (ii) The presence of nucleophilic iron ligands, such as oxylate
induces the dissolution of iron cations and the formation of complexes. The ligands produce coordinate
bonds with iron on the surface of the mineral. When the complex formed at the surface is photoactive,

the dissolution can be promoted by the photoreduction of Fe(III) to Fe(II), which makes the Fe-O bond
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weaker. The solubility of the iron present in particulate matter in the atmosphere varies from 5 % to > 50
% depending on the kind of compound or mineral that is containing iron®*. Normally anthropogenic iron
is more soluble. The range of concentration of soluble iron in condensed phases in the atmosphere is wide

going from 107% M in cloud and rain droplets up to 1072 M in fog or aerosol particles?4:140,141,

1.5.2 Iron speciation

Iron is present in atmospheric aqueous phases mainly as cations with oxidation states (II) and (III). Iron
is found producing complexes with inorganic or organic ligands. In the absence of soluble organic compounds,
Fe(III) is mainly found in aqueous solution as low molecular weight species complexed with the hydroxide
such as Fell(OH)*, Fe!'l(OH)?*, Fe(OH)2* or Fey(OH)42T. Other ligands that are associated with iron are
sulfate (SO427) and sulfite (SO327)13%. Many theoretical studies tried to figure out the importance of each
complex that iron forms which concluded that the most probable Fe(IIT) complexes are formed with hydroxy
anion, sulfate and sulfite 13%:142:143 " However, all of these theoretical studies neglect the potential complexing
capacity of organic compounds with iron. Some works found high content in oxalate and other carboxylic
acids in cloud water 144145, Therefore, complexes with organic ligands are usually found in the atmospheric
condensed phase. Siefert et al. calculated the speciation of Fe(III) complexes for the concentrations found in
seven fog water samples'®. They show that the predominant Fe(III) species are Fe(IlI)-oxalate and Fe(III)-
hydroxy species. For certain samples characterized by high pH and low oxalate concentrations, calculated

1 130

Fe(III)-oxalate complexes are insignificant. Weschler et a noted that a portion of iron can be strongly

complexed with ligands that are bound to the metal by more than one functional group, which are called

130,147 postulated that a fraction of iron may be linked with humic

chelate ligands. Some investigations
substances, which can act as chelate ligands. In conclusion, these studies show that the most important
Fe(III) complexes in atmospheric liquid water are Fe(III)-hydroxy species and Fe(III)-organic complexes.
However, because of the lack of knowledge on the organic compounds speciation in atmospheric liquid phase,
it is difficult to draw conclusions on the nature of Fe(III)-organic complexes, even if oxalate complexes seem
to be usually observed.

Field campaign measurements show a great variability in the Fe(II)/Fe(III) ratio. Some works have
found a greater concentration of Fe(II)14® during the day which led to the assumption that the photolysis
and reduction of Fe(IIT) complexes was dominating. Measurements of Fe(II)/Fe(III) by X-ray absorption
near edge structure (XANES) spectroscopy showed that Fe(III) was more concentrated in the solid phase
than in the water soluble fraction, which points out to the importance of the photoreduction of Fe(IIl) in
presence of ligands with which Fe(III) can produce photoactive complexes'4?. These results are supported
by a work of Moffet et al.'?, where they found a ratio Fe(Il)/(Fe(I1)+Fe(III)) of 0.33 for particles collected

on Okinawa Island during an atmospheric pollution transport event from China.

1.5.3 Radical chemistry and photochemistry

Dissolved iron undergoes a complex redox cycling in atmospheric particles that involves reactions with

HO, radicals and photolysis. One of the most important and interesting reactions that iron undergoes is
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known as Fenton reaction, on the basis of an article by Fenton et al.?® The Fenton reaction of Fe(II) with

H,0; is recognized as a significant source of OH radicals in atmospheric particle phases2?

, even though the
reaction rate coefficient is rather low (50 M~! s~ at 25°C) 5%, The mechanism by which hydrogen peroxide

is degraded by Fe(II) is still uncertain and under debate. The mechanism was firstly described by Barb et

al. 151
Fe?* + H,0, — Fe** + OH + OH™ (R9)
Fe** + OH — Fe*™ + OH™ (R10)
H,0, + OH — HO, + H,0 (R11)
Fe** + HO, — HO, + Fe?* (R12)
Fe*™ + HO, — Fe** + HO; + H* (R13)
And/or
Fe** + HO, — Fe?t 4+ 0, (R14)

An alternative mechanism based on the reaction of Fe(Il) with HyOq producing the ferryl ion (Fe (IV)) 52

was taken into consideration after the OH radical production via the Fenton reaction was questioned by

several studies. The ferryl ion is an intermediate species in the Fenton chemistry.
Fe*™ + H,0, — FeO*" + H,0 (R15)

Fe?™ + FeO?t 4 2HY — 2Fe*t + H,0 (R16)

Many other studies have been performed over decades suggesting different mechanisms for different condi-

94,153-156 157,158

tions and not all details have been resolved about Fenton chemistry in atmospheric waters

Even so, we know that OH production in the aqueous phase is partly driven by iron reactivity. For conti-

22 and the respective contributions of each one depend on the

94,159

nental clouds the sources of OH are numerous

concentrations of chemical species in the aqueous phase, the pH value, the actinic flux, etc

Additionally to dark radical and Fenton chemistry, iron complexes in atmospheric particles can be excited

by light which leads to HO, and organic radical production. For example Fe(OH)?* is a photoactive complex

in the UV region which contributes significantly to the OH production in cloud water and in the aerosol
phase by the following reaction:

24+ hv 24
Fe(OH)"™ — Fe“" + OH (R17)

As said in the previous section, oxalate and other carboxylic acids are present in environmental systems 14414

and, therefore, Fe(III) is usually found forming complexes with those carboxylate ligands in enrivonmental
waters and particles 69161 The resulting Fe(III) carboxylate complexes are well-known photoactive com-
pounds 2992162 that absorb radiation in the UV-VIS region and are photoreactive through ligand to metal

163

charge transfer reactions (LMCT)'°?) which is an inner sphere electron transfer from the carboxylate func-
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Figure 1.5: Photochemical catalytic cycle of an iron-carboxylate complex in a particle. Fe'lCA (iron citrate) is
photolyzed leading to the reduction of iron to Fe? and the decarboxylation of the ligand and the production of an
organic radical. The latter reacts with oxygen leading to HOx and a new stable molecule, which can further react with
HO, or by cycling with Fe3>*, leading to the decomposition of citric acid to oxygenated volatile organic compounds
(OVOC). HOz reduces Fe?" back into Fe**, which can be complexed again by citric acid.

tionality to iron. Fe(III) carboxylate complex is initially excited to a long lived radical complex 1647166 which

can dissociate producing Fe?t and R-COO' radical.

[Fe™(00C-R)] 2% [Fe™(0OC—R)|* (R18)
[Fe"'(OOC—R)]* —> [Fe'" " (OOC—R)] (R19)
[Fe'" (OOC—R)] — Fe?* + R—COO’ (R20)

After separation from Fe?*, the R-COO" radical decarboxylates rapidly producing CO, and an organic

radical (R') and this last radical presumably will react rapidly with oxygen, producing a peroxy radical.
R-COO" — R+ CO, (R21)

R + 0, — ROO (R22)

As it is described in figure 1.5, peroxy radicals subsequently might produce oxidants such as O2 =~ /HOq
and HyO5 from the unimolecular or bimolecular decay of peroxy radicals6:167 Oy~ /HO2 and H204 can
react in cascade with Fe(IT) oxidizing it back into Fe(III) and thus additionally produce OH radicals, which
by themselves also can react with Fe(IT) to oxidize it back into Fe(III). Presumably Fe(III) rapidly again
forms a complex with a carboxylate group closing the catalytic cycle of phototodegradation of carboxylic
acids. The whole catalytic cycle is represented for citric acid in Figure 1.5.

Iron acts then as a catalyst for HO4 radical formation and degradation of carboxylic acids by cycling
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between Fe(IIT) and Fe(II), and thus, in a way, establishes another example of indirect photochemistry.
These degradation processes are the major sink of carboxylate groups in the aerosol phase in the atmosphere
and produce a change in the chemical composition and also volatile OVOC species2%:9%:168 Tt has been
suggested that this photochemistry might be an important source of reactive oxygen species (ROS) in
atmospheric condensed phases 4169170 Additionally, ROS such as HOy and OH radicals are key to assess

2

the oxidative capacity in aerosol particles??. OH radicals react rapidly with organic compounds in the

6569171 - Apart of the reactions included

condensed phase producing a broad spectrum of oxidized compounds
in the mechanism shown in Figure 1.5, alternative pathways have been suggested as the reduction of the
Fe(III) to Fe(II) by organic radicals or a decarboxylation driven by di-iron complexes that does not include

the production of any radical 8.

1.6 Halogens in the atmosphere

1.6.1 Activated halogen species

Volatile halogen-containing species such as CH3X, CH,XY, HOX, XY, and X5 (where X and Y can be

Cl, Br and I), also called activated halogen species, are emitted into the atmospheric gas phase by oxidation

172 173,174 1y biogenic emissions of halogen-containing

of halides by ozone in the sea surface”’“, or in snowpacks
organic species (Org-X) 17176 or by emissions from volcanos, among other processes!””. Halogen activation
refers to the production of activated halogen species. These species are direct precursors of reactive halogen
species (RHS) such as X atom or XO1!7 which trigger oxidative processes in the gas phase!™. In the
troposphere the presence of XO shifts the HO, equilibrium (HO, == OH) towards OH 8185 Tt has been

186,187

observed that RHS of iodine produce ultrafine particles found in coastal areas This new particle

188-191

formation takes place by the polymerization of 1505 , which is produced by the oxidation of iodine

192

precursor species such as I 192 and Org-X '?3. The production and depletion at the sea surface or in suspended

condensed matter of activated halogen species are key processes to understand their release into the gas phase

and the contribution to their emissions!72:194,

1.6.2 Feedbacks between photosensitized chemistry and halogen activation

Halides present in the environmental waters and aerosol particles have influence on photosensitized chem-
istry. The triplet states of photosensitizers act as oxidants reacting with an electron donor, such as halides
(X7), producing organic and HOy radicals. Subsequent to the oxidation of the halide anion by the triplet
state of IC, halide radicals (X" and X57) are produced and the ensuing halide radical-radical reactions pro-
duce molecular halogen. The oxidized species X5, X9~ and X' are likely recycled into X~ by HO» radicals,
however a fraction of X, may be released into the gas phase'?%, and these recycling processes are determining

the effective efficiency of halogen activation.
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1.7 Diffusion, viscosity and chemical reactivity

Atmospheric aerosol particles are solid or liquid or a mixture of both depending on their composition and

ambient conditions96:197

. Because the large number of organic compounds that are present in organic-rich
aerosol particles and the non-crystalline nature of some of them, the organic phases are non-crystalline, i.e.
amorphous. The viscosity and therefore diffusion properties of SOA material largely change over different
temperatures or humidity 198199 because water acts as a plasticizer for most aqueous organic mixtures.

Viscosity and diffusion are related with each other by the Stokes-Einstein equation:

o (i)

Where D is the diffusion coefficient, kg is the Boltzmann constant, 71" is temperature, 7 is viscosity and

r is the apparent radius of the molecule that diffuses. The viscosity of atmospherically relevant mixtures
may vary over a very wide range depending on T and RH and composition, going from 5x1073 to 10x10?
Pa s. We cannot always rely on viscosity measurements to estimate diffusion since it has been found

that the StokesEinstein treatment cannot relate the diffusivity of water to the particle viscosity when the

00

viscosity exceeds 10 Pa s20°. Koop et al.” shows a classification of organic phases sorting them in terms

of viscosity and diffusion defining liquids, semisolid and solid phases as shown in Figure 1.6. Virtanen
et al. (2010)2°! showed that SOA particles formed in plant chamber experiments and in new particle

formation events over boreal forests can adopt an amorphous semisolid state. In addition, vapor pressure,

volatility, and evaporation kinetics experiments also indicate a highly-viscous state2°?203, This is in line

with the observed presence of oligomers or other organic compounds with high molecular mass and low

volatility in SOA2%4, Depending on viscosity and microstructure, the amorphous phases can be classified

205

as glasses, rubbers, gels or ultra-viscous liquids The reduced mobility of aerosol constituents in high

viscosity particles has a great impact on multiphase chemistry since the reactive uptake is dependent on

64. 06 and

t210

Changes in viscosity can also induce changes in the photolysis rate of chromophores?
207 208,209

diffusion

intersystem crossing efficiencies Solid particles such as combustion particles or mineral dus
undergo chemical reactions with gas phase species at the surface. It may be expected that this is also the
case for semi-solid states, as suggested in several studies, where in the vicinity of the glass transition, surface
processes may become dominant?''"2'3, When this high-viscosity scenario does not apply, reactions may

occur in the bulk and in the surface simultaneously 214215,

Two different cases are usually considered by
comparing the diffusion and reaction rates2'6. In the first case, from the point of view of the incoming trace
gas molecule, the diffusion is much faster than the reaction rate, therefore the volatile reactant molecule,
which is taken up, diffuses through the entire bulk without significant loss. Then we can treat the reaction

as a common second order reaction in a homogeneously mixed bulk phase:

d[Y]y
dt

= — kT [XJp[Y]y = — ki Hx Px[Y], 2)
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Figure 1.6: Classification into solid, semi-solid and liquid states of various substances as a function of dynamic
viscosity. For organic liquids the molecular diffusion coefficient Do,y can be inferred from the viscosity via the Stokes-
Einstein relation (eq. 5). In the bottom panel we show the corresponding e-folding times of equilibration for various
particle diameters according to Shiraiwa et al.®. Reproduced from Koop et al.”

Where [Y]}, is the concentration of the reacting molecule in the condensed phase, [X]p, is the concentration in
the condensed phase of the reactant molecule that is being taken up, k' is the second order rate coefficient,
Hy is the Henry’s law constant of the molecule X and Py is the pressure of X in the gas phase. In this case,
the overall reaction rate scales with the volume of the system; this is the reason why in multiphase chemical
kinetics this regime is commonly referred to as volume limited reaction kinetic regime.

The second case applies when the molecule X diffuses slowly in comparison with the reaction rate co-
efficient. In this reacto-diffusion limited kinetic regime a gradient of the volatile reactant X forms in the
condensed phase and the reaction rate depends on the diffusion coefficient of X within the particle bulk.

Effectively, reaction occurs only within a layer of thickness 1, which is the so-called reacto-diffusive depth,

kII[Y]
= = b (3)

Where Dx is the diffusion coefficient. The reaction rate for this case is described with the following equation:

d[gb = —HxRT\/Dxk{!Y], [coth (3) - (i)} %[X]g )

below the surface.
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Where R is the gas constant, T is temperature, Dy is the diffusion coefficient, [ is the reacto-diffusive
length, r is the radius of the particle, S, is the surface of the particle and V}, is the volume of the particle.
This equation can be applied for a wide range of reactive trace gas uptake systems?'® as long as the reactant
Y can be considered well-mixed over the time scale of its loss due to reaction with X. In case of intermediate
viscosity, the proper kinetic regime, for which either equation (X) or (Y) above apply, needs to be assessed.
For instance, in the ozonolysis of shikimic acid, at very high humidity the first regime applies (low viscosity,
both reactants well-mixed), while for intermediate humidity, the regime changes to the second, shikimic acid
remaining well-mixed but O3 lost close to the surface?!?. In the same experiments, at lower humidity close
to the glass transition, this simple steady state analysis fails due to concomitant diffusion limitation by both
reactants. In this case, an explicit depth resolving model needed to be applied to successfully explain the
kinetic behavior 4.

Apart of the effect of viscosity affecting diffusion and thus transport and mixing rates, viscosity can
directly affect condensed-phase reaction rates. Lignell and coworkers?°® demonstrated that viscosity can
drastically enhance the photolysis rate coefficient of 2,4-dinitrophenol changing from water to an organic
solvent also suggesting the relation between photochemical rate coefficients and viscosity and/or matrix
must be properly assessed. They also reveal differences between the effect of temperature on the photolysis
efficiency of of 2,4-dinitrophenol trapped in a viscous organic matrix, in a liquid organic solvent, and in

1.297 explained that steric congestion induces twisted

an aqueous solution. A study from Nagarajam et a
conformations in aromatic molecules which results in an increase in the yield of triplet excited states. They
observed a range of quantum yields from < 1 % in planar conformation up to 30 % in twisted conformations.
An increase in viscosity results in stronger steric congestions and therefore viscosity affects the intersystem
crossing efficiency. The viscosity of SOA material is controlled by the humidity that it is exposed to and
therefore the water content. When relative humidity changes, water content and viscosity /diffusion change
simultaneously. There is evidence that the water content influences the rate coefficient of radical reactions:

hydrogen bonded transition states are involved in electron transfer?'” 218

, proton coupled electron transfer
and hydrogen abstraction reactions?'®. Therefore, changes on rate coefficients by water content will interfere
with the changes of rate coefficients by viscosity explained above. In the photochemical systems described
above (photosensitized chemistry and iron carboxylate complexes chemistry), oxygen plays an important role
since it induces HOy radical production and deactivates triplet states. Changes in the diffusion coefficient of
oxygen indirectly induce changes on HO4 production and on the steady-state concentration of triplet states.
Variation of RH induces different diffusion and viscous properties and diffent water content. In terms of
photochemistry, the interplay of these processes makes understanding the feedbacks between photochemistry

and physical properties a challenging task for this thesis.

1.8 Motivation and outline

1.8.1 Motivation of the project

Indirect photochemistry is especially relevant in the lower troposphere where UV light intensity with

sufficiently low wavelengths to directly photolyze the major organic or inorganic aerosol components is
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low. The two light absorbing species families we are interested in are iron complexes and aromatic ketone
photosensitizers. Iron (Fe(III)) carboxylate complexes absorb light below about 500 nm which leads to
reduction of iron to Fe(II) and oxidation of the carboxylate ligands, which initiates the degradation of
carboxylate ligands producing a broad spectrum of compounds, including OVOCs. This process represents

0

an important sink of organic acids in the troposphere?’. Fe(IIl) carboxylate complexes are well-known

to be photochemically active and they trigger Fenton-like reactions which are the dominant source of OH

21,22 05 and

radicals in aerosol particles Aromatic carbonyl photosensitizers absorb below about 600 nm'®
form triplet excited states which initiate redox processes with other compounds triggering organic and HOy
radical chemistry. Photosensitized processes provide an important contribution to condensed phase radical
production and aerosol aging. In the last two decades both systems have been investigated in detail in
aquatic systems2%!18 but just a few in depth studies have been made under conditions relevant for the
aerosol phase. It has recently been recognized that aqueous aerosol particles may attain highly viscous,
semisolid or even glassy physical states under a wide range of conditions in the atmosphere?!?. While the
impact of reduced mobility of aerosol constituents in high viscosity particles on dark multiphase chemistry
has received substantial attention®?, systematic studies on the effect of high viscosity on photochemical
processes are scarce 26,

This thesis is embedded in a larger project in collaboration with colleagues at ETH Ziirich, in which
we study indirect photochemical processes, which catalyze redox processes of non-absorbing molecules, and
the impacts the reduced mobility and low water content in highly viscous particles has on them. This
includes a comprehensive analysis of a wide range of observables to constrain the many driving variables
as much as possible. Mass loss, size, water diffusivity, and optical properties of single levitated particles
are measured in an electrodynamic balance at ETH. Spatially resolved O:C ratios, carbon functional group
composition, and Fe oxidation state is measured by in situ scanning transmission X-ray microscopy (STXM)
at PSI. Measurements of OVOC formation rates and assessment of radical budgets are performed in an
irradiated coated wall flow tube (CWFT) at PSI together with offline organic analysis by HPLC-MS of
non-volatile organic compounds. In each of these techniques, the model systems will be followed over
time as a function of irradiation, RH and temperature. The integration of the results will be assisted by
kinetic model tools developed within the collaboration. It will provide a sound basis to understand the
bidirectional feedbacks between indirect photochemical aerosol aging, optical properties and viscosity for the
selected particle system. In this collaborative project we assess the role of indirect photochemical aerosol
aging in the life cycle of aqueous atmospheric particles, how it is linked with microphysical properties and
provide a sound basis for integration of these processes in atmospheric models. We intend to figure out
whether indirect photochemical aerosol aging processes are affected by transport limitations and changing
photochemical regimes in viscous aqueous particles and to what degree indirect photochemical processes
feed back to the microphysical properties, to the optical and to the photochemical properties. We will link
our results with health effects by assessing the contribution of the ROS produced by photochemistry to the

oxidative stress suffered by lung cells when particles exposed to light are inhaled by humans.
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1.8.2 Specific goals of this thesis

By means of measurements of HO» radical release rates in CWFT experiments at different conditions of
RH or chromophore content, I will assess the contribution of photochemistry to radical budgets and redox
activity, compare the impact on the gas phase versus internal cycling and consumption and determine the
effect of diffusion and water content on photochemical reaction rates. By measuring the iodine release from
mixtures of photosensitizers with iodide and bromide as a proxy for sea water containing chromophoric dis-
solved organic matter (CDOM), we assess the contribution of photosensitized chemistry to halogen activation
and the efficiency of the release versus the internal cycling of halide radicals.

Carbon functional group composition is measured by STXM and non-volatile organic compounds pro-
duced are analyzed by analysis with HPLC-MS of irradiated samples of iron citrate. These latter measure-
ments provide us with information about the chemical evolution and the efficiency of functionalization or
oligomerization. By means of OVOCs release measured in SOA with and without iron under irradiation I
will assess the impact on the gas phase and on the mass loss of SOA due to photochemistry.

The experimental observables are always studied as a function of relative humidity to address kinetic
regimes, the role of transport limitations and to partially assess the feedbacks between microphysical prop-

erties and photochemistry as set out in the overall project goals.

1.8.3 Outline of the thesis

Chapter 2. Heterogeneous photochemistry of
imidazole-2-carb0xaldehyde. HOs radical formation and aerosol growth. HO5 release was
measured for mixtures of imidazole-2-carboxyldehyde (IC) and citric acid under irradiation by CWFT ex-
periments for several conditions. SOA growth was observed via IC photochemistry by reactive uptake of
limonene. The results indicate a potentially relevant contribution of triplet state photochemistry for gas-

phase HO5 production, aerosol growth and aging in the atmosphere.

Chapter 3. Particle phase photosensitized radical production
and aerosol aging. We extended the series of photosensitizers including the benzophenone and
4-benzoylbenzoic acid apart of IC measuring the HO4 release for mixtures of photosensitizers and citric acid
under irradiation by for several conditions including in the presence of additional organic donors (syringol
and shikimic acid). We developed steady-state model and concluded that photosensitized radical produc-
tion can be a major contribution to the radical production in aerosol particles when the concentration of

triplet-scavenging organic compounds is high enough.

Chapter 4. Halogen activation and radical cycling initiated by
imidazole-2-carboxaldehyde photochemistry. HO, release was measured for mix-
tures of imidazole-2-carboxyldehyde (IC) and citric acid under irradiation by CWFT experiments as a
function of bromide and iodide content. The iodine release was measured for mixtures of imidazole-2-
carboxyldehyde (IC) and citric acid under irradiation as a function of time. Halogen radicals formed in turn

scavenge the HOy thereby recycling the iodine radicals back into iodide and partially shutting down HOy
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chemistry. Occasionally molecular iodine is produced and released into the gas phase as a still important

halogen activation process, specially under dry conditions.

Chapter 5. Influence of humidity and Fe(III) on photodegrada-
tion of atmospheric secondary organic aerosol particles.ovoc release from
SOA produced by oxidation of limonene by ozone was measured under irradiation as a function of iron con-
tent and RH. Low iron concentration increases slightly OVOC release, whereas at high iron concentration
OVOC release decreases significantly. Upon increasing RH up to ~ 50 % RH, OVOCs release was up to
4 times greater than the release under dry conditions. The expected fractional mass loss induced by these

photochemical processes from limonene SOA particles would be up to 4 % of particle mass per hour.

Chapter 6. Aerosol aging driven by photochemistry of iron cit-
rate. Fe(III) citrate particles and films were exposed to UV light. We assessed the chemical evolution
including OVOC and non-volatile organics. The appearance of products from direct iron citrate photochem-
istry and from HOy radical chemistry were observed over hours. Oxygen diffusion limitations probably take

place under irradiation inducing an anoxic chemistry in the bulk of the particles.
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2.1 Abstract

The multiphase chemistry of glyoxal is a source of secondary organic aerosol (SOA), including its light-
absorbing product imidazole-2-carboxaldehyde (IC). IC is a photosensitizer that can contribute to additional
aerosol ageing and growth when its excited triplet state oxidizes hydrocarbons (reactive uptake) via H-transfer
chemistry. We have conducted a series of photochemical coated-wall flow tube (CWFT) experiments using
films of IC and citric acid (CA), an organic proxy and H donor in the condensed phase. The formation rate
of gas-phase HO radicals (Pho,) was measured indirectly by converting gas-phase NO into NO3. We report
on experiments that relied on measurements of NOy formation, NO loss and HONO formation. Pyo, was
found to be a linear function of (1) the [IC] x [CA] concentration product and (2) the photon actinic flux.
Additionally, (3) a more complex function of relative humidity (25 % < RH < 63 %) and of (4) the Oy /
Ns ratio (15 % < Oz / No < 56 %) was observed, most likely indicating competing effects of dilution, HOq
mobility and losses in the film. The maximum Py, was observed at 25 —55 % RH and at ambient Oy / No.
The HO; radicals form in the condensed phase when excited IC triplet states are reduced by H transfer from
a donor, CA in our system, and subsequently react with Os to regenerate IC, leading to a catalytic cycle. OH
does not appear to be formed as a primary product but is produced from the reaction of NO with HO5 in the
gas phase. Further, seed aerosols containing IC and ammonium sulfate were exposed to gas-phase limonene
and NOy in aerosol flow tube experiments, confirming significant Py, from aerosol surfaces. Our results
indicate a potentially relevant contribution of triplet state photochemistry for gas-phase HO5 production,

aerosol growth and ageing in the atmosphere.

2.2 Introduction

The sources and sinks of radicals play an important role in the oxidative capacity of the atmosphere.
Radicals and other oxidants initiate the chemical degradation of various trace gases, which is key in the
troposphere (Jacob, 1999). The hydroxyl (OH) and peroxyl (HO2) radicals belong to the HOy chemical
family and are primarily generated by ultraviolet radiation photochemical reactions???, like the reaction of
O(*D) (from O3) with HO or photolysis of HONO, HCHO, H;05 or acetone. Some secondary gas-phase
sources are the ozonolysis of alkenes or O(!D) + CH4%. The oxidation of volatile organic compounds
(VOCs) by OH and other oxidants in the presence of NO leads to perturbations in the HO,, NOy and ROy
radical cycles that affect O3 and aerosol formation3%-37. The kinetics and photochemical parameters of these

reactions are relatively well-known in the gas phase®®322!

. However, this does not apply to the sources and
sinks for HO, in atmospheric droplets and on aerosol surfaces®’. Uptake of OH from the gas phase and HyOo
photolysis in the condensed phase are the primary known sources for HOy in the condensed phase. HO; is
highly soluble and the concentrations of OH, the most effective oxidant in the condensed phase, depend on
HOs; radicals. Another source of HO, radicals is from the chemical reactions of reduced metal ions and Hy O,
known as Fenton reactions®®°4. Direct photolysis of HyOq, nitrite, nitrate®®, hydroperoxides®' and light-
absorbing secondary organic aerosol (SOA) %2 are also sources of HOy in the condensed phase. Other studies
have shown that the photochemistry of iron (IIT) oxalate and carboxylate complexes, present in aqueous

environments (e.g., wastewater, clouds, fogs, particles), can initiate a radical chain reaction serving as an



2 CHAPTER 2 37

aqueous source of HOy and Fe?t. Fe?t can then regenerate OH starting a new cycle of Fenton reactions %296,

The temperature-dependent rate constants of OH in the aqueous phase have been studied for a limited subset
of organics®”. However, there is still a wide gap with respect to understanding the sources, sinks, kinetics
and photochemical reaction pathways of HO, radicals in the condensed phase®7.

Our study investigates photosensitizers as an additional HOy source that may be relevant to further mod-
ify ROy and NOy reaction cycles in both the condensed and gas phases. It is motivated by the formation of
superoxide in terrestrial aqueous photochemistry 222 224, by more recent observations that irradiated surfaces
containing titanium dioxide generate HO, radicals in the gas phase??® and by the generation of OH from
metal oxides acting as photocatalysts in mineral dust?26. Past studies have demonstrated the reactivity of
glyoxal towards ammonium ions and amines as a source for light-absorbing brown carbon?%113:227 One of
these products is imidazole-2-carboxaldehyde (IC; Galloway et al., 20093), which absorbs light at UV wave-
lengths (A < 330 nm)22®. Other imidazole-type compounds and light-absorbing products are formed in minor
amounts but can nonetheless impact optical and radiative properties of secondary organic aerosols (SOAs;
Sareen et al., 201022%; Trainic et al., 201123%). Photochemical reactions by these species are not typically
accounted for in models yet but have a possible role for SOA formation and aerosol aging mechanisms?3!.

Photosensitizers are light-absorbing compounds that absorb and convert the energy of photons into
chemical energy that can facilitate reactions, e.g., at surfaces or within aerosols®”. For example, aerosol
seeds containing humic acid or 4-(benzoyl)benzoic acid (4-BBA), two other known photosensitizers, can

32 Aregahegn et

induce the reactive uptake of VOCs when exposed to light, leading to SOA formation?
al. (2013)'° and Rossignol et al. (2014)233 suggested a mechanism for autophotocatalyic aerosol growth,
where radicals are produced from the reaction of an H-donor hydrocarbon species, in this case limonene,
and the triplet state of IC. The condensed-phase citric acid and the gas-phase limonene are H-atom donors
(in this article we refer to them as H donors) rather than proton donors as in the case of a Brgnsted acid.
In particular, the transfer of the H atom leads to the formation of an alkyl-radical species. The H-atoms
transfer thus has the same effect as an H-atom abstraction reaction by Cl or OH radicals.

Field measurements on fog water samples confirmed that triplet excited states of organic compounds upon
irradiation can oxidize model samples such as syringol (a biomass burning phenol) and methyl jasmonate (a
green leaf volatile), accounting for 30 —90 % of their loss?*4. There are very few field measurements of imida-
zoles; a recent study by Teich et al. (2016)'2* identified five imidazoles (1-butylimidazole, 1-ethylimidazole,
2-ethylimidazole, IC and 4(5)-methylimidazole) in ambient aerosols in concentrations ranging from 0.2 to 14
ng m 3. IC, the molecule of interest in this study, was measured in its hydrated form in ambient aerosols in
three urban areas with signs of air pollution and biomass burning (Leipzig, Germany; Wuqing and Xianghe,
China). The observed quantities of hydrated IC ranged from 0.9 to 3.2 ng m~3. The authors claim that
these values could be a lower limit due to high losses of IC during sample preparation indicated by low
recovery from standard solutions. This suggests that IC and other imidazole derivatives are present in areas
with high pollution and biomass burning. Field measurements in Cyprus during the CYPHEX campaign
in 2014 detected IC and bis-imidazole in ambient aerosol samples?3>. The IC diurnal cycles showed the
highest concentrations at night (0.02 — 0.115 ng m~2) and lower concentrations during the day, suggesting

that ambient concentrations of IC in aerosols are a balance between photochemical sources and sinks. Im-
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idazoles seem to be widespread in polluted and remote areas. However, the atmospheric implications of 1C
as a photosensitizer, a proxy species of brown carbon light absorption, and as a radical source in ambient
aerosols remains unclear.

The existence of such photocatalytic cycles could be of atmospheric significance. Indeed, Canonica et
al. (1995)8 suggested that the initial carbonyl, triggering the photochemical properties, is regenerated via
a reaction with oxygen-producing HOs. To our knowledge, the production of such radical side products has
not been investigated under atmospheric conditions previously. We therefore report here on the HO4 radical

production from IC in the condensed phase.

2.3 Experimental section

A series of flow tube experiments were conducted to investigate the formation of gas-phase HO4 radicals
from IC photochemistry using two different coated-wall flow tube (CWFT) reactors (Sect. 2.1). Section 2.2
describes aerosol flow tube experiments that confirm the photochemical production of HO5 radicals in the
absence of other known gas-phase radical sources in aerosols. All experiments were performed at atmospheric

pressure.

2.3.1 Coated-wall flow tube experiments

The CWFET experiments were designed to investigate the gas-phase production of HO5 radicals from a
film containing IC and citric acid (CA) matrix as a function of UV light intensity, IC concentration in the
film, relative humidity (RH) and Os mixing ratio. Two similar experimental setups were used as shown in
Fig. 2.1. Some of the differences, not major, consist in the flow-reactor volume, surface area, flow rates, IC
mass loading, NO mixing ratio, temperature inside the reactor and the connected instrumentation.

Setup 1. Experiments were conducted in a photochemical flow system equipped with a Duran glass
CWFT (0.40 cm inner radius, 45.2 and 40.0 cm length, 113.6 and 100.4 cm? inner surface, surface-to-volume

(b)

Exhaust

i = 2 Exhaust

Figure 2.1: Sketch of the photochemical flow tube reactor setups at PSI for (a) Setup 1 in 2013 measuring NO-
generation and (b) for Setup 2 in 2014 measuring NO loss.
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ratio (S/V) = 5.00 cm ™), which was housed in a double-jacketed cell coupled to a recirculating water bath
to control the temperature at 298 K; the setup is shown in Fig. 2.1a. A thin film of IC + CA was deposited
inside the tubular glass flow tube. The experimental procedure for the preparation of the films is described
in Sect. 2.1.2. The system consisted of seven ultraviolet lamps (UV-A range, Philips Cleo Effect 22 W:
300-420 nm, 41 cm, 2.6 cm o.d.) surrounding the flow tube in a circular arrangement of 10 cm in diameter.

Setup 2. The second CWFT (CWFT 0.60 cm inner radius, 50 cm length, inner surface 188.5 cm?,
S/V = 3.33 ecm™!) reactor had a glass jacket to allow water to circulate and maintain temperature control
inside the tube at 292 K. The coated-wall tubes were snugly fit into the CWFT as inserts. The CWFT was
surrounded by the same seven fluorescent lamps as in Setup 1. The light passed through different circulating
water cooling jackets for both setups, thus providing a different light path for each setup.

Setup 1 and 2. The actinic flux in the flow tube reactor, Fgpr (\), was measured by actinometry of NOs
(see Supplement for description of Jxo, measurements), independently for both setups. The flows of N3, O,
air and NO were set by mass flow controllers. The RH was set by a humidifier placed after the admission
of Ny and Oy gases but before the admission of NO or NOs (see Fig. 2.1), in which the carrier gas bubbles
through liquid water at a given temperature. The humidifier could also be bypassed to set a RH of near
zero. A typical measurement sequence is described in Sect. 2.1.2.

The Jno, was measured for both Setup 1 and 2 using NOs actinometry. The Jno, with seven lamps was
found to be 2 x 1072 57! for Setup 1 and 1 x 1072 s=! for Setup 2 (see Fig. 2.9 for Setup 1 and Supplement
text for both Setups). These values were compared to direct actinic flux measurements in the flow tube and
thus normalized (see Sect. 3.1.1).

Flow tube instrumentation

The following gas-phase products exiting the flow tube were measured by three different instruments:
NO; by the University of Colorado Light Emitting Diode Cavity-Enhanced Differential Optical Absorption
Spectroscopy (LED-CE-DOAS) instrument 3¢, HONO by a LOng Path Absorption Photometer (LOPAP,
QuMA GmbH, 237238 and NO by a chemiluminescence analyzer (Ecophysics CLD 77 AM, also used for NO,
in Setup 2). HOs radicals were indirectly measured by detecting NOs with the LED-CE-DOAS (Setup
1) and by the loss of NO with the chemiluminescence detector (Setup 2). The latter was preceded by a
molybdenum converter to transform HONO and NO; to NO and by an alkaline trap for HONO. Both trap
and converter had a bypass to allow sequential measurements, thereby obtaining the concentration of NOq
and HONO separately. HONO was measured by the LOPAP during some selected experiments 238239,

LED-CE-DOAS

The LED-CE-DOAS instrument 236 detects NO, absorption at blue wavelengths. A high-power blue
LED light source (420-490 nm) is coupled to a confocal high-finesse optical cavity consisting of two highly
reflective mirrors (R = 0.999956) peaking at 460 nm that are placed about 87.5 cm apart (sample path
length of 74 ¢cm). The absorption path length depends on wavelength, and was about ~ 11 km near peak
reflectivity here. A purge flow of dry nitrogen gas is added to keep the mirrors clean. The light exiting the
cavity is projected onto a quartz optical fiber coupled to a Princeton Instruments Acton SP2156 Czerny-
Turner imaging spectrometer with a PIXIS 400B CCD detector. The mirror reflectivity was calculated by

flowing helium and nitrogen gas, exploiting the difference in the Rayleigh scattering cross sections of both
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gases as described in Thalman et al. (2014)2%°. The gas exiting the flow tube was directly injected into
the CE-DOAS cavity, and spectra were recorded every 60 s and stored on a computer. For analysis we use
broadband cavity enhanced absorption spectroscopy (BBCEAS) fitting at NOy concentrations exceeding a
few parts per billion by volume?*! and DOAS least-squares fitting methods at lower concentrations?4?. The
mirror alignment was monitored online as part of every spectrum by observing the slant-column density

236,243

of oxygen collision complexes, O3—02 (O4) The following reference spectra were taken from the

literature: NOs2** and O,—05 collision complexes?*3. The detection limit for NOy was 50 — 100 pptv.

2.4 Experimental conditions

The IC + CA solutions were prepared by adding IC into a 1 M CA solution in 18 M) ¢cm ultrapure water
to achieve IC to CA molecular ratios of between 0.026 and 0.127 in the film. The bulk solutions for both
setups were prepared by weighing out 384 — 400 mg of CA in 2 mL of water and adding 4 — 20 mg of IC to
the solution. The solutions for both setups were freshly prepared for each experiment, and the masses in the
film were calculated at 50 % RH from the CA hygroscopic growth factors reported by Zardini et al. (2008)
for both setups (for Setup 1: 5 — 18 mg of IC and 44 mg of CA; for Setup 2: 1 — 5 mg of IC and 77 mg of
CA). The range of concentrations in the films was between 0.148 and 0.671 M of IC and 5.29 and 6.68 M of
CA.

The IC + CA solution coatings were produced by depositing 220 — 250 (Setup 1) and 400 pL (Setup 2)
of the desired solution in a Duran glass tube, which was then dispersed into a thin and viscous film of 3 — 4
pm. The film was dried with a gentle Ny stream humidified to a RH similar to the experimental RH and
room temperature. The film was rolled and turned upside down to deposit a homogenous film throughout
the entire inner surface of the flow tube. The homogeneity of the film was confirmed by visual inspection.
If a bright clear homogenous amorphous film from the supercooled solution was not observed, the film was
discarded (e.g., observation of a turbid and cracked crystallized appearance). The carrier gas flows consisted
of premixed dry Ny and Oq (a ratio of 4.5 / 1 in Setup 1 and a ratio of 2 in Setup 2), and NO was controlled
by mass flow controllers. The total flow rates were 500 mL min~! for Setup 1 and 1500 mL min~! for Setup
2. In Setup 1, a dilution flow of 1000 mL min~! was added at the end of the flow tube for a total of 1500
mL min~! during experiments when HONO was measured along with NO,. All experiments were conducted
at ambient pressure, leading to gas residence times of 2.1 — 2.4 s (depending on flow tube volume, for both
setups) under laminar flow conditions. The Os flow rate was varied between 0 and 110 mL min~! to observe
the dependence of Oy while keeping the total flow rate constant. A ratio of 4.5 : 1 of Ny : O5 was maintained
if any of the other gas flows were changed (e.g., NO and/or NOy) for Setup 1. For Setup 2, a ratio of 2 :
1 of Ng : Oy was also maintained, except for the Os concentration dependence studies. The RH was kept
constant at 50 % RH during most experiments and varied between 10 and 60 % RH to study humidity
effects of the HO4 radical production. The concentration of NO was ~ 1 ppmv (Setup 1) and varied between

100 and 500 ppbv (Setup 2). Scavenging of HO5 was achieved by the following reaction:

NO + HO; — NO; + OH (R23)
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The lifetime of HOy is about 5 ms when 2.5 x 10** molecules cm~3 of NO are present (Setup 1), which
ensures efficient conversion of HO5 molecules into NOy (k = 8.0 x 1072 c¢m? molecule™! s™1 at 298 K;22.
As shown in Fig. 2.10, 500 ppbv NO, the concentration used in Setup 2, was sufficient to efficiently convert
HOs5 into NOsy; see Sect. 3.1.1. The lifetime of gas-phase HO5 with respect to loss to the organic film is
about 0.1 s, based on a similar formula shown in Eq. 12, where v = 10~3 (upper limit by Lakey et al.,
201524%). Note that in view of the essentially diffusion-controlled loss of HO, to the CWFT and tubing
walls, the chosen scheme for determining the production of HO4 radicals from the films by fast scavenging
with NO is superior to a more selective detection method, e.g., laser-induced fluorescence (LIF), which would
require passing the HO, radicals into a separate setup with substantial losses. For selected experiments, the
films were exposed to UV irradiation for over 6 h which showed only a minor change in the decrease in NOs,

leading to the conclusion that the reactivity of the films was stable.

2.4.1 Jjc calculations

The absorption cross section of IC and the calculated photolysis rate are shown in Fig. 2.11. The
photolysis frequencies of IC were calculated using a similar procedure as described in Schwarzenbach et al.
(2002)224, The spectral actinic flux in the flow tube, Fpr()\), was converted to the spectral photon flux
density that reaches the film in the flow tube, Fyjm()\), and the photon flux absorbed by IC, FI€, as follows:

420
F¢ = /3 (3 X [1 — 10~ 71e)xbxCie]gy (5)

F A
where Frim(A) = 1;\?(;\7)‘;;8

where F!€ has units of Ein L' s7! (1 Ein = 1 mole (6.022 x 10?3) of photons), Faim()\) has units of Ein
L=!' s~ ! nm™!, bis the optical path length taken as the thickness of the film in cm, Cic is the concentration
of IC in the film in units of M, and oy¢ is the IC absorption cross section. The absorption spectrum of IC in
water was based on the measurements by Kampf et al. (2012)° and renormalized to the peak value of 10205
+ 2400 M~! ecm™! at 284 nm?28. Vi, is the volume of the film in cm?®, calculated from the deposited mass
of CA and the hygroscopic growth factors of CA24¢; SA is the surface area of the film, taken as the geometric
area of the inner surface area of the flow tube in cm?; N, is Avogadro’s number in molecules mole~!. The
IC photoexcitation rate Jic was about 1.0 x 1072 s=! (upper limit).

We have also attempted to calculate an effective quantum yield for the formation of gas-phase HOq

radicals (¢no,): [NOs] x fl B
2| X flow _ 1HO,

Na X Vﬁlm ¢H02 B FaILC ’ (6)

Pyo, =

where Pyo, is the HO5 production rate in mol L™ s71, FI€ is the calculated mean absorbed photon flux

3

by IC (Eq. 5), [NOg] is the gas-phase concentration of NO2 in molecules cm™ assuming a 1 : 1 ratio to

HO5 conversion, flow is the volumetric gas flow at the temperature in the CWFT and atmospheric pressure

3

in cm® s7! and Vg, is in L.
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2.4.2 Aerosol flow-reactor experiments

A detailed description of the aerosol flow tube (AFT) is reported elsewhere!?:232; therefore, only some
principles are given below. The SOA experiments were conducted in a horizontal, cylindrical Pyrex aerosol
flow reactor (13 cm i.d., 152 c¢m length) surrounded by seven UV lamps (Philips CLEO, 80W) with a
continuous emission spectrum ranging from 300 to 420 nm (total irradiance of 3.31 x 10'® photons cm—?2
s~1). The flow reactor consisted of Teflon stoppers and different flow controllers that maintained the gas—
aerosol-UV irradiation contact time between 20 and 50 min. This flow reactor also consisted of an outer
jacket that controlled the temperature at 293 + 2 K by water circulation using a thermostat (Model Huber
CC 405).

Seed aerosols (50 nm) were produced by nebulizing a solution (at pH 6) containing ammonium sulfate
(AS, 0.95 mM) and IC (1.3 mM), size selected by a DMA and exposed to gas-phase limonene (500 ppbv) in

3, corresponding to

the aerosol flow reactor. The typical aerosol mass loading in the reactor was 2 —3 pg cm™
~ 15000 particles cm 3 with a starting diameter of 50 nm. As shown by Aregahegn et al. (2013)°, limonene
is an efficient H-donor VOC that forms SOA via reactive uptake to IC-containing seed aerosol. Due to the
excess of limonene and low seed aerosol surface area, the consumption of limonene was below the detection
limit. The aerosol growth was measured by means of an ultrafine condensation particle counter (UCPC) and
a scanning mobility particle sizer spectrometer (SMPS; both TSI), and similarly to the CWFT experiment,
a flow of gaseous NO (from a 1 ppmv cylinder, Linde) was added to the carrier gas, and its conversion to
NO2 was monitored by a chemiluminescence detector with a detection limit of 0.05 ppbv (ECO PHYSICS
CLD 88). Due to the long residence time, the NOg concentration is affected by its photolysis in the AFT.
As discussed below, Pro, was calculated, in this case, from the growth of the particle diameter measured
at the exit of the flow tube; the assumption is that growth was due to reactive uptake of limonene only and

that each limonene forms one HO; radical. At 30 ppbv NO, the HOs radical lifetime is around 2 s.

2.4.3 Experimental conditions

The total flow rate in the aerosol flow reactor was between 400 — 1000 mL min~?

, ensuring laminar flow
conditions. The RH was varied between 0 and 50 %. The RH of particles in the flow reactor was controlled
by saturating the carrier gas via a bubbler containing ultrapure water (Milli Q, 18 MQ c¢m). The RH in
the flow-reactor system was varied by changing the gas flow rates to the bubbler and the temperature of
the circulating water jacket of the bubbler. The RH was measured with a humidity sensor (Meltec UFT
75-AT, Germany) at the exit of the flow reactor. The concentrations for the flow tube experiments were the

following: 30 ppbv of NO and 500 ppbv of limonene.

2.4.4 Chemicals

The following chemicals were used without further purification for CWFT studies: IC (97 %, Sigma
Aldrich) and CA (Sigma Aldrich). For Setup 1, the Duran glass tubes were soaked in a deconex® cleaning
solution overnight; the next day they were rinsed with 18 MQ c¢cm water (Milli Q Element system). These

flow tubes were etched with a 5 % hydrofluoric acid solution after the washing procedure and again rinsed
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with water before any experimental use. The Duran flow tubes for Setup 2 were not initially etched with
any acid but stored in a NaOH solution after washing and lastly rinsed with water; Setup 2 later confirmed
that the treatment of flow tube with acids affects Prio, by rinsing with HCI and etching with HF solutions.

For the aerosol flow-reactor experiments, gas-phase limonene was generated from commercially available
limonene (Aldrich, 97 %) by means of a permeation tube. The following chemicals were used without further
purification: IC (97 %, Sigma Aldrich) and succinic acid (Sigma Aldrich, > 99.5 %); 4-benzoylbenzoic acid
(4-BBA, Aldrich 99 %) and adipic acid (AA, Aldrich, > 99.5 %) were used to expand the CWFT studies to

other photosensitizers.

2.5 Results and discussion

2.5.1 Coated-wall flow tube

The following results represent the light-dependent formation of HOs indirectly from measurements of
NO; production and NO loss, measured with Setup 1 and 2, respectively. Figure 2.2 shows a time series
of NOs measured with Setup 1 as a function of UV-A light, which confirms the light-dependent radical
production. This particular film had an IC / CA ratio of 0.026 (0.148 M IC and 5.77 M CA in the film).
An evident increase in NOy is observed upon UV irradiation, directly reflecting the light-mediated release
of HO5, as shown in Reaction R1. The NO; signal decreases over time with all seven lamps; this was a
common feature observed in all films and could be due to HO5 sinks in the film increasing with time. Thus,
the system only slowly evolves into a steady state. A small amount of NOy (0.5 — 1.5 ppbv) was observed
during experiments that used only CA in the absence of IC; therefore, the data in Fig. 2.2 and all data
reported below have been corrected for this NOs background, measured routinely in between experiments.
Figure 2.2 also indicates a strong correlation with light intensity, which is further discussed in the context
of Fig. 2.4. For irradiation, humidity and oxygen dependence experiments, each data point represents a
separate experiment using a freshly prepared coated film in the flow tube. The uncertainty for experiments
was based on the standard deviation of n, the number of experiments. The total uncertainty was & 6 —27 %
(propagated error for normalization was + 7 —29 %) for the IC mass loading experiments in Setup 1 and up
to a factor of 2 for the light dependence experiments. The uncertainty in Setup 2 was 10—50 %. As discussed
earlier, the lifetime of HO5 in the system was about 3 orders of magnitude less than the residence time in
the flow tube, therefore suggesting that most, if not all, HO5 reacted with NO to produce the observed
NO; (Reaction R1). Theoretically, the system was clean of other oxidants such as O3 (and thus NO3). The
uptake of NOs in the film was too small to further produce any nitrate radicals, and the photolysis of NOq
in the experiments to produce O3 was insignificant (< 1 %). The recombination of NO and Os contributes
a negligible (< 0.1 %) NOg source under our experimental conditions. ROy generation from the reaction
between CA and OH from HONO photolysis was also ruled out since it is approximated to account for only
1 % of the NO3 production if we assume every OH from the photolysis reacts with CA. To our knowledge,
the direct photolysis of CA to produce any RO5 radicals has not been observed. Therefore, we believe that
HOs is the essential oxidant for NO and refer to the measured NOy as HO5 formation.

Figure 2.3 shows that the HO» production fluxes, in molecules cm™2 min~"!, increased with IC mass
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loading. The CA concentration was kept constant, and results are shown as the product between [IC] X
[CA], since we expect that the production rate of HO is proportional to the concentration of IC, at constant
illumination, and to that of the potential H donor, CA. For Setup 1, the HO5 fluxes were measured as NOq
mixing ratios and calculated using the following equation:

Fluzesgo, = WOQL#. (7)
The description of these parameters has been previously explained (see Sect. 2.1.3). For Setup 2, the HO9
flux was calculated similarly, but only about half of the observed NO loss was considered to account for the
loss of NO via the reaction with OH (see Reaction R1 in Supplement), meaning that for each HO4 scavenged,
two NO molecules were lost. In Fig. 2.3, the data from Setup 1 are represented by the black squares and the
data from Setup 2 are represented by the gray circles. Setup 1 measurements were taken at about ~ 50 %
RH and at room temperature. Setup 2 measurements were taken at 45 % RH and at 292 K. Temperature
has an effect on the observed gas-phase HOs release from the film and thus needs to be accounted for, which
is not done in Fig. 2.3, but it is described in detail in Sect. 3.1.1.

Figure 2.4 shows that the HOs production exhibited a linear dependence on the actinic flux for various
[IC] x [CA] molar products. From Sect. 2.1.3, we estimated an experimental ¢po, of about 6 x 1072,
reflecting other probable, unknown quenching processes in our system. Figure 2.4 also shows the formation
of HONO from three different IC mass loadings. In all three cases, the HONO : NOy ratio is < 1, confirming

HOs as a primary product and OH as a secondary product.
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Figure 2.2: NO profile for a 0.025 M IC bulk solution, whose concentration increases to ~ 0.2 M of IC in the film due
to the citric acid hygroscopic properties. The gray shaded areas indicate periods where NO was exposed in the dark.
The yellow shaded areas indicates the period of irradiation; the decrease in the intensity of yellow represents 2.26 x
10'%, 1.47 x 106, 1.14 x 10'® and 3.94 x 10'5 photons cm ™2 s ! for seven, five, three and one lamp, respectively.
This time series clearly indicates the light dependence production of HO2 radicals from the photosensitization of 1C
in a CA film.
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Figure 2.5 shows the dependence of HOy production observed via the loss of NO (Setup 2) on relative
humidity (0 —65 %). Water partial pressure is an important parameter in the atmosphere, and it also seems
to have an important effect on the photochemical reactions studied here. At RH below ~ 10 %, and at high
RH above ~ 55 %, the yield of HO, radicals decreases. The maximum HOs radical production is observed
at moderate RH (20 — 55 %). This is probably due to a combination of factors. In particular, at low RH
the film may become more viscous, reducing mobility and thus the energy transfer within the film. This
may decrease the HO, yield as shown in Fig. 2.5. Hinks et al. (2016)247 observed that the movement of
molecules in a viscous film at a low RH is hindered and thus decreases the photochemical reaction rate
of secondary organic material. The reduced diffusivity of HO5 may also increase the residence time in the
film and facilitate the self-reaction in the bulk phase: the diffusivity of HoO in citric acid is in the range of
1077 — 1078 ecm? s7! at 50 % RH. If the HO, diffusivity is between a factor of 10 and 100 lower than that
of HaO due to its larger size (1072 cm? s71), the first-order loss rate coefficient for diffusion out of the film
(D / 6%, § denoting the film thickness (4 x 107% cm)) becomes about kp = 1072 s~!. From the observed
Fi0,, the steady-state concentration is then about Fyo,/kp/d = 4 x 1016 em™3 = 10~7 M. The loss rate
coefficient due to HO, self-reaction in the condensed phase (7.8 x 10° M~! s71) at this concentration would
become nearly 0.1 s~!, somewhat higher than that for diffusional loss. Of course these estimates carry a
high uncertainty but indicate that at lower humidity, diffusivity gets low enough to effectively reduce the

diffusional loss of HOy to the gas phase and favor its loss by self-reaction in the condensed phase. The
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Figure 2.3: A linear correlation of HO2 as a function of IC concentration. The left y axis represents the values for
Setup 1, while the right y axis represents the values for Setup 2 (an order of magnitude difference for both scales).
The Setup 2 data fall between a factor of 2 and 3 from Setup 1 after accounting for differences between Setup 1 and
2; see Sect. 3.1.1.
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potential presence of condensed phase sinks, such as RO, formed from secondary chemistry of oxidized
citric acid, may add to this uncertainty. Figure 2.12 shows that bulk diffusion can be neglected since any
HO5 produced below the first couple of micrometers at the top of the film is likely lost to self-reaction in
the condensed phase. This supplementary experiment studied the thickness dependence of the films keeping
the IC : CA ratio constant. The results show that Ppuo, increases linearly with thickness up to ~ 2.5 um;
however, after this thickness the film saturates, showing that this must happen in our films that are between
3 and 4 pm thick. At high RH (> 55 %), the amount of water associated with CA dilutes the reactants, and
the quenching of the excited IC triplet states gains in relative importance, consistent with findings in other
studies 24250, The RH effect can decrease the HO, production by a factor of 3, compared to the plateau
of maximum HOs production between 20 and 55 % RH.

Figure 2.6 shows the dependence of the HO5 production based on the observed NO loss on the O mixing
ratio (Setup 2). The HOs production varied by about 20 % over the range of conditions investigated. A
decrease below 15 % Oz appears to be significant compared to the maximum HO, production at ~ 40 %
05, indicating that O is needed for HO, formation. Sufficient O2 dissolves in the aqueous phase to produce
HO, radicals efficiently at atmospheric Oy mixing ratios. We assume that at 55 % Og, the quenching of
excited IC triplet states by Oz has an effect on HOy production. This effect may decrease Pro, based on
our results being qualitatively consistent with the observations of decreasing aerosol growth at high Os in

the autophotocatalytic aerosol growth described in Aregahegn et al. (2013)!°. However, the experimental
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Figure 2.4: HO2 fluxes in molecules cm™2 min™"! as a function of actinic flux for a 300 — 420 nm range (solid symbols).
The data are plotted as a concentration product of [IC] x [CA] (shown in the legend), which shows the photochemical
reaction between IC and CA in HoO matrix and gaseous NO. HONO for 2.441 ([IC] x [CA]) is plotted on the right
axis (open circles), showing a ratio of HONO : NO; < 1, which suggests OH as a secondary product.
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focus of this study was based on atmospheric Os mixing rations, and thus we cannot draw conclusions about
the HO2 production at high O mixing ratios.

In order to test the possibility for excited IC triplet states to react with NOy at the surface of the film,
experiments were conducted with NOs. While we did observe that the uptake of NOy on irradiated surfaces
scaled with light intensity (see Fig. 2.13), the reactive uptake coefficient of NOg to produce HONO at the
surface is rather small (< 2.5 x 10~7), corresponding to a k,, of 1072 s~1, and is thus neither a significant loss
of NOg nor a significant source of HONO. The primary fate of the nitrogen-containing aromatic alkoxy IC
radical under atmospheric conditions is reaction with O5. However, we have not tested alternative quenching
reactions of the triplet state or other pathways of the reduced ketyl radical that do not result in the formation
of HONO.

Comparison of data sets

The experimental conditions probed differ in the actinic flux, NO concentration, temperature and acidity.
Here, we use the dependencies established in Sect. 3.1 to compare results from both setups. The data from
Setup 2 were normalized to conditions of Setup 1. The difference in Jxo, corresponds to multiplying results
from Setup 2 with a factor of 2.0 + 0.1. HO, was measured indirectly by reacting it with NO, and Fig.
2.10 indicates that the minimum NO concentration needed to efficiently scavenge all gas-phase HO5 is ~ 460

ppbv of NO, indicating efficient conversion for Setup 1 and a conversion efficiency of ~ 0.6 for Setup 2. The
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Figure 2.5: The indirect flux of HO2 in molecules cm ™2 min~!, measured by NO loss and normalized to the film

surface area as a function of relative humidity.
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data from Setup 2 were multiplied by 1.66 + 0.10 to normalize for the NO conversion efficiency (Fig. 2.10)
and by an additional factor of 1.25 + 0.10 to match temperatures. We observed some limited variability
depending on whether HF or HCI were used to clean the flow tube prior to experiments. A higher Pyo, was
observed when cleaning with HF (Setup 1) compared to storing in NaOH and either rinsing with water or
HCI (Setup 2); this is accounted for by multiplying data from Setup 2 with a factor of 1.25 + 0.30. Notably,
the error of the correction for the cleaning procedure that is propagated here is larger than the correction
factor. The effect of the pretreatment of the flow tubes was not systematically studied and thus remains a
primary uncertainty in the comparison. No further correction was applied for slight differences in RH. The
overall correction factor amounts to 5.2 £ 1.4, with the error reflecting the propagated uncertainty. This
explains most of the difference in Pyo, between both setups. The normalized results agree within a factor
of 2, which is a reasonably good agreement.

Extension to other photosensitizers

A limited number of experiments were performed using the CWFT approach, using 4-BBA as a photo-
sensitizer, in the presence of 790 ppbv of gaseous limonene (a possible H donor) and NO. The organic thin
film contained an organic acid matrix made of 4-BBA with and without adipic acid (AA). A substantial
conversion of NO into NOs was also observed in this system (see Fig. 2.14). That 4-BBA behaves similar to
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Figure 2.6: The flux of HO3 in molecules cm™2 min™', measured by NO loss, above a film composed of IC and CA
normalized to the film surface area as a function of the Oz mixing ratio.
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the IC system demonstrates that the chemistry discussed above can occur on different excited carbonyls. It
is interesting to note that this photoinduced conversion, and HOy production, was observed to be sustained
over long times, i.e., more than 15 h, probably due to the catalytic nature of the underlying chemical cycles.
However, a fraction of the IC did get consumed by photolysis reactions that do not form the excited triplet
state (observed during overnight experiments). The HOy flux for the 4-BBA system was estimated to be

2 min~! making the same assumption that each HO, molecule reacts with NO

2.77 x 10'° molecules cm™
to generate an NOsy molecule. The calculation is based on Eq. 7, where it depends on the concentration of

NOs as well as the surface area and residence time.

2.5.2 Aerosol flow tube

The aerosol flow tube experiments were conducted similarly to the study by Aregahegn et al. (2013)10,
i.e., who demonstrated that in the absence of NO and known gas-phase oxidants, seed particles containing
IC can initiate SOA growth in the presence of a gaseous H donor (limonene). Figure 2.7 shows the results
from similar experiments when NO was added to the system. No conversion of NO to NO; was observed
prior to the injection of limonene into the flow tube. The presence of a gaseous H donor and light clearly
initiated a series of photochemical processes, leading to SOA growth and gaseous NOs production. However,
the quantitative interpretation of these experiments is not straightforward due to efficient radical cycling in
the VOC-NOy—light photochemical system and the lack of a blank experiment that did not contain IC as
part of the seed particles. Limitations arise from the much longer residence time, which allows NOs to be

significantly photolyzed. The Jno, was estimated as ~ 6.75 x 1073 s7!

and corresponds to a photolysis
lifetime of 2.5 min, which is smaller than the actual residence time in the flow tube (~ 40 min). Secondary
chemistry can lead, among others, to ozone production (Og lifetime at 500 ppbv limonene is ~ 7 min) and
secondary OH radical formation from the ozonolysis of limonene. Notably, NOy is not consumed in Fig.
2.7. The overall effect of this secondary chemistry is an increased SOA growth compared to an experiment
without added NO (Aregahegn et al., 2013)'°. As a consequence, the NO, yield cannot be used directly to
assess Pro, in the presence of NO.

However, in the absence of NO these secondary processes can largely be avoided and are reduced to a level
at which they cannot be identified'°. Under such conditions, the particle growth rates presumably carry
information about the photosensitizer cycling and subsequent HO5 production. If we assume one molecule
of limonene reacts to produce one HOs, the volume change of aerosols is proportional to the overall number
of HO4 produced. For example, a growth of 15 000 particles cm ™3 from diameter 51.4 to 68.5 nm in 40 min
(residence time) is equal to a Pyo, of 1.67 x 10 molecules cm™2 min~'. This should be interpreted as
an upper limit for the actual Py, because water uptake may also be contributing to the volume growth.
However, compared to the CWFT experiments the much higher surface-to-volume ratio of nanoparticles is
expected to enhance the chemical coupling of a gas-phase H donor and the excited IC triplet state at the
aerosol surface. This is at least in part deemed responsible for the 2 orders of magnitude higher Pyo, in the
aerosol flow tube compared to the CWFT experiments. Notably, even if ¢np, in the aerosol flow tube was

2 orders of magnitude higher than in the CWFT, it is still significantly smaller than unity.
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Primary HO; formation from IC
One of the main advantages of the CWFT is that it operates at a much shorter residence time. From
Setup 1, we derive a Pyo, of 1.76 x 10*? molecules cm™2 min~! for IC / CA = 0.1 and Jxo, = 8 x 1073 s71.

This corresponds to 2.9 x 10% molecules cm™2 s~1 once normalized by aerosol surface area (1.18 x 1076

em? cm~?) and Jyo, in the aerosol flow tube. Such a primary radical flux is equivalent to the OH radical
production rate resulting from photolysis of ~ 1 pptv of HONO in the aerosol flow tube. Conversely, a Puo,

2 min~! is equivalent to the OH radical production rate from ~ 100 pptv HONO

of 1.67 x 10" molecules cm™
in the aerosol flow tube. We conclude that seed particles containing IC contribute significantly (equivalent to
1—100 pptv HONO) to the primary HOy radical production rate in the aerosol flow tube experiments in the
presence of NO (Fig. 2.7). Primary HO5 radicals formed from IC-containing seed particles react rapidly with
NO to form OH radicals under the conditions shown in Fig. 2.7. The H-donor species is further expected
to form primary ROs radicals. These primary HO2 and RO» radicals add directly to the conversion of NO
into NOg and indirectly by driving secondary NO-to-NOs conversion from the RO2/HOs radical chain. The
aerosol flow tube experiments thus qualitatively confirm the results obtained from macroscopic surfaces and
highlight the potentially important role of surface-to-volume ratio and gaseous H donors to enhance the

relevance of H-donor photochemistry as sources for HO,—ROy radicals and SOA.
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Figure 2.7: Aerosol flow tube experiments show rapid conversion of NO (solid black line) into NO2 (dashed black
line) only after the time when limonene (gaseous H donor) is added into the flow tube (vertical dashed line). The
gray shaded areas represent the experiment in the dark, and the yellow shaded area represents the experiment under
light exposure. The blue line represents the growth of aerosols (right axis).
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2.5.3 Proposed mechanism

A mechanism that can describe the results from the CWFT experiments is shown in Fig. 2.8. It follows
the mechanism first proposed by Canonica et al. (1995)%. The primary product in our system is the
HO, radical, which forms from the reaction between a nitrogen-containing aromatic alkoxy IC radical and
a ground-state oxygen molecule, recycling the IC molecule. The aromatic alkoxy radicals form from the
excited triplet state of IC via transfer of an H atom from an H donor (in our case likely to be CA or the CA
/ HoO matrix). While a fraction of the IC will get consumed by photolysis reactions that do not form the
excited triplet state (see Sect. 3.1.2.), IC is also continuously produced from multiphase reactions, e.g., of
glyoxal #5228 Another conclusion is that OH is a secondary product. If OH was a first-generation product,
we would have expected HONO : NOg ratios larger than 1 : 1. A smaller ratio was observed, as shown in
Fig. 2.4, indicating that there was no direct evidence for primary formation of OH radicals. Interestingly,
the H-donor species becomes activated as a result of H abstraction and can react further to produce organic

peroxy radicals, as evidenced by the aerosol flow tube results.

2.6 Atmospheric relevance

The atmospheric relevance of our findings consists of the possible effect of heterogeneous radical sources to
modify atmospheric HO, radical concentrations and facilitate aerosol growth and ageing by adding a radical
source within aerosol particles. The production of HO5 from IC photosensitized heterogeneous chemistry is
a possible source of gas-phase HO; radicals in ambient air. In order to estimate the possible relevance for
HO, radical concentrations in urban air, we assume Pyo, of 2 x 10'2 molecules cm=2 min=! (IC / CA =
0.1, Setup 1) as a lower limit and 2 x 10* molecules cm~2 min~! (IC / AS = 0.1, aerosol flow tube) as an
upper limit and typical conditions in Mexico City (i.e., Jxo, = 8 x 1073 s~! at noontime in Mexico City,

73;251)

aerosol surface area = 15 cm? m . The normalized Pro, during noontime in Mexico City ranges from

3

2 x 10° to 2 x 107 molecules cm™3 s~!. This corresponds to a rate of new HO, radical production of 4 to

400 pptv h™! HONO around solar noon in Mexico City?2°2, where other radical sources produce about 5.9

HONO NO, 0, Ho,

+. 112
\V

Products
D*+

IM-C*-OH
DH /

IM-C=0*

.

\A +IM-C=0

Figure 2.8: Proposed mechanism, modified and expanded to photosensitization of IC based on Canonica et al. (1995)%,
George et al. (2005)9 and Aregahegn et al. (2013) 10 The reaction in the white square represents the gas-phase,
and the blue square represents the aqueous phase. DH is an H donor (e.g., CA, another IC, H,O 4+ CA matrix to be
determined from flash photolysis).
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3 253

x 107 molecules cm™3 s™! at solar noon??3. The upper range value suggests that aerosol surfaces can be
a significant source of gas-phase HOy in places like Mexico City. However, the IC molar ratios used here
are likely an upper limit compared to ambient aerosols, yet, in principle other brown carbon molecules (i.e.,
HULIS and/or other imidazole derivatives) may form additional gas-phase HOz. The heterogeneous HO»
radical source could further be relatively more important in unpolluted regions under biogenic influences,
where gas-phase radical production rates are lower. Hence a more comprehensive characterization of the
heterogeneous HOs source effect on gas-phase HO5 radical concentrations deserves further investigation.

254

OH radical uptake from the gas phase is a primary OH source in aerosols Assuming a gas-phase

-3

OH concentration of 10% molecules cm™2, 15 cm? m™2 aerosol surface area and oy of unity, the rate of

3 s71. The above estimated Pho, is a result from H

OH uptake is approximately 2.3 x 10° molecules cm™
transfer to form organic peroxy radicals, which is comparable to the rate of OH uptake. The two similar
estimates of HOy suggest that IC is a significant source of radicals in the condensed phase of particles. This
is a lower limit due to the unknown radical losses of HOy to the condensed phase, which have the potential
to raise the HO, source by up to a factor of 10 000 if limited by the IC excitation rate. The unknown
amount of HO5 that remains in the condensed phase is a further source of OH in the same phase; this OH,
in the presence of reduced metals, can trigger a cycle of Fenton reactions or other oxidizing pathways that
can further age the aerosol.

These results show that IC, and other aromatic carbonyl photosensitizers, are likely a relevant radical
source in aerosol particles. Photoinduced radical generation in condensed phases is currently not represented

in atmospheric models that describe aerosol ageing and warrants further study.

2.7 Conclusion

Three different experimental setups consistently show that HOy radicals are produced from the photo-
chemistry of IC in a CA + H0 matrix and in seed aerosols containing ammonium sulfate (in the presence of
a gas-phase H donor, limonene). The linear correlations of Py, (with [IC] / [CA] and irradiation) yielded
maximum Pyo, under atmospherically relevant irradiation, Oy and RH but also revealed a complex role of
film viscosity and possibly acidity effects (a systematic study of the effect of pH on the IC and CA absorption
cross sections and the product yields from the IC photochemistry is desirable). If the H-donor species is in
the condensed phase, significant amounts of HO5 reach the gas phase only for moderately high RH (~ 25—55
% RH) that facilitates H transfer and allows molecules (IC, HO3) to move freely towards the surface of the
film. When the film is too dry, this mobility is inhibited due to enhanced viscosity and significantly decreases
the Pyo,. At RH and Og higher than 55 %, we observe a decrease in Pyo, probably due to dilution by water
and competing quenching reactions in the film. We know from Zardini et al. (2008)246 that pure citric acid
does not efflorescence, and thus the film remains homogenous in its aqueous phase under all RH conditions.
This supports our conclusion that the Py, is RH dependent since it is partially controlled by the diffusivity
in the film. On the contrary, if the H-donor species is in the gas phase, significant HO5 production is also
observed under dry conditions. The primary fate of the IC'-OH radical at the surface is reaction with Oy to
form HO5. NO; reactions do not appear to form HONO at the surface. Our results suggest that the radical
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Figure 2.9: NO, j-values in s~! from the bare glass and citric acid blank coated flow-tubes in Setup 1.

source from photosensitizers such as IC can help jump-start the photochemistry of VOCs. The effect on
the gas-phase HO5 radical concentration increases for higher surface-to-volume ratio of aerosols and in the
presence of gas-phase H donors. The autophotocatalytic growth of aerosols containing photosensitizers via
H-donor chemistry is an SOA source also in the presence of NO and adds oxidative capacity inside aerosol
particles. Further research on other types of H donors and photosensitizers is necessary to compare different
Pro, and rates of aerosol growth from the reactive uptake of VOC that could potentially have a significant

atmospheric relevance for SOA formation and heterogeneous aerosol ageing.

2.8 Supporting Information

2.8.1 NO; actinometry

The actinic flux (photons cm~2 s~!) was measured with one, three, five and all seven lamps of the photo
reactor turned on using NOy actinometry (method A), and independent measurements of the photon actinic
flux (method B). With method A, NOy in a N3/Oy gas mixture was added to the flow-tube under two
different configurations: a) a bare glass flow-tube, and b) a blank coated flow-tube consisting of CA only, in
the absence of IC. The NOs gas was produced from the oxidation of a gas flow of NO through a chromate
salt reservoir, shown in Fig. 2.1A. In configuration a), the concentration of NOy was about 8 ppbv and in

configuration b) it was about 40 ppbv. NOy actinometry is based on the following reaction:
NO, 2% NO + O(°P) (R24)

The photolysis constant, J, in our case was treated as first-order rate constant, which quantifies the rate
of photolysis of NOg, Jno,, in terms of a relative concentration change over time. The decrease in NOy was
measured by the LED-CE-DOAS (Setup 1) and by the chemiluminescence (Setup 2); the NOs signal was
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allowed to stabilize, and lights were turned on sequentially. Jyo, was calculated using the measurements

and the following equation:

I, = LN Q
INOJ,\
Zn([NOQ]Q) =Jno, Xt (9)

With all seven lamps turned on, the Jyo, was about 2x1072 s™! (Setup 1) and 1x1072 s=! (Setup 2).
This is about 2-3 times the ambient J at mid-latitudes under summer noon-time conditions. The Jyo, for
configurations a) and b) are compared in the Fig. 2.10, and agreed within 8 % at 7 lamps and this variability
increases as the number of lamps (irradiation) decrease, up to a factor of 2 as a maximum. The J-values
of NO;y were calculated using independent measurements of the photon actinic flux of the UV lamps, which
had been determined by B. Bohn at Forschungzentrum Jiilich (Germany) with a LICOR 1800 hemispherical,
cosine corrected spectro-radiometer (method B). The following equation was used to calculate the first order

photolysis rate, J-value:

420
7 — value = / Frr(\)o()®(A\)d0) (10)
300

where Fpr(A)is the actinic flux measured in our flow-tube system, o(A) is the NOg cross section at 294
K in em? molecule™!244 and ®(\) is the quantum yield data used from Sander et al., 201122%. The j-values
for NOy for methods A and B are compared in Fig. 2.10, and agree within a factor of 2 (higher Jyo, for
method A). The photon actinic flux shown in the Fig. 2.11 has been adjusted by this factor, and is compared

with a typical solar spectral irradiance at the Earth surface (solar zenith of 48°, The American Society for
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Figure 2.10: Determination of the NO concentration in the 2014 PSI flow-tube system. The lifetime of HO» is short
enough at 500 ppbv with respect to its reaction with NO. This ensures a 1 NO:1 HO2 molecular reaction in our
experimental conditions. An IM/AC ratio of 0.088 was fixed for this specific experiment.
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Testing and Materials, ASTM).
Equation 11 and 12 shows the relationship between the loss of NOg, the derived pseudo-first order Jyo,

and the uptake coefficient () for a heterogeneous reaction in a cylindrical flow-tube:

AnlNO _ o, 10 (1)
Ino, = 12211 (12)

where < ¢ > is the NOy mean molecular speed, (SRT/7M)'/2, and [s/v] is the surface are of the film
per gas volume ratio in our flow-tube system. These calculations are represented in Fig. 2.12.

Figure Captions Figure 2.9: NO, j-values in s~! from the bare glass and citric acid blank coated flow-tubes
in Setup 1.

Figure 2.10: Determination of the NO concentration in the 2014 PSI flow-tube system. The lifetime of
HOs is short enough at 500 ppbv with respect to its reaction with NO. This ensures a 1 NO:1 HO5 molecular
reaction in our experimental conditions. An IM/AC ratio of 0.088 was fixed for this specific experiment.

Figure 2.11: Solid line: the cross-section of IC in HyO; the UV-VIS absorption of IC was measured by
Kampf et al., 2012° and interpolated to more recent molar extinction measurements by Barbara Noziére at
IRCELyon (right scale in cm?)227. Shaded gray: calculated wavelength dependent photolysis frequencies
of imidazole-2-carboxaldehyde, j-values, based on the calculated quantum yield in our flow tube. Dotted
line: actinic flux of the UV-light source in our flow-tube system from 300 — 420 nm range, the total flux is
2.26x10'6 photons cm™2 s~!. Dashed line: a solar actinic flux spectrum for a solar zenith angle of 48°, 37°

tilt towards the sun and clear skies (~ 2 x 10'® photons cm™2 s™1 between 300 — 420 nm) obtained from the
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Figure 2.11: Solid line: the cross-section of IC in H2O; the UV-VIS absorption of IC was measured by Kampf et
al., 2012° and interpolated to more recent molar extinction measurements by Barbara Noziére at IRCELyon (right
scale in cmz). Shaded gray: calculated wavelength dependent photolysis frequencies of imidazole-2-carboxaldehyde,
j-values, based on the calculated quantum yield in our flow tube. Dotted line: actinic flux of the UV-light source in
our flow-tube system from 300 — 420 nm range, the total flux is 2.26x10'® photons cm™ s~!. Dashed line: a solar
actinic flux spectrum for a solar zenith angle of 48°, 37° tilt towards the sun and clear skies (~ 2 x 106 photons cm 2
5! between 300 — 420 nm) obtained from the standard spectrum of the American Society for Testing and Materials
(ASTM).
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Figure 2.12: Film thickness dependence represented by NO loss. The IC:CA ratio was kept constant to show the
classic behavior of reactions governed by reaction and diffusion. At low thicknesses, Pro, increases linearly and
saturates at thicknesses > 2 um. This shows that the observed HO2 is produced from the top few micrometers of the

films under study.
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Figure 2.13: The photosensitized uptake coefficient of NO2 (blue diamonds, right axis); this graph shows the in-
efficiency of NO2 to compete with Oz at atmospheric mixing ratios. The open red circles represent the CA blank
measurements, the closed red circles represent a 1.725 [IC] x [CA] film measurements during NO; actinometry

experiments (left axis).
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Figure 2.14: NO to NOg conversion from similar CWFT experiments performed in a different photosensitizer, 4-BBA.
The top figure shows that NO does react with HO2 to produce NO: in the presence of 4-BBA and adipic acid (AA),
as the organic aqueous base. The bottom figure shows no conversion in a clean tube.

linearly and saturates at thicknesses > 2 pm. This shows that the observed HO; is produced from the top
few micrometers of the films under study.

Figure 2.13: The photosensitized uptake coefficient of NOy (blue diamonds, right axis); this graph shows
the inefficiency of NOs to compete with Oy at atmospheric mixing ratios. The open red circles represent
the CA blank measurements, the closed red circles represent a 1.725 [IC] x [CA] film measurements during
NO; actinometry experiments (left axis).

Figure 2.14: NO to NOg conversion from similar CWFT experiments performed in a different photosen-
sitizer, 4-BBA. The top figure shows that NO does react with HOs to produce NOs in the presence of 4-BBA

and adipic acid (AA), as the organic aqueous base. The bottom figure shows no conversion in a clean tube.
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3 Chapter 3

Particle phase photosensitized radical production and
aerosol aging
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The sections from 3.1 to 3.7 are the reproduction of the publication of “Particle phase photosensitized radical
production and aerosol aging” by P. Corral-Arroyo, T. Bartels-Rausch, P. A. Alpert, S. Dumas, S. Perrier,
C. George, M. Ammann published in Environmental Science and Technology, Vol. 14, 7680-7688, 2018, with
permission from American Chemical Society Publications. The layout of the article as well as the section

figures and table numberings have been adapted to match with the thesis structure.



3 CHAPTER 3 60

3.1 Abstract

Atmospheric aerosol particles may contain light absorbing (brown carbon, BrC), triplet forming organic
compounds that can sustain catalytic radical reactions and thus contribute to oxidative aerosol aging. We
quantify UVA induced radical production initiated by imidazole-2-carboxaldehyde (IC), benzophenone (BPh)
and 4-Benzoylbenzoic acid (BBA) in the presence of the non-absorbing organics citric acid (CA), shikimic
acid (SA) and syringol (Syr) at varying mixing ratios. We observed a maximum HO3 release of 10*® molecules
min~! em™? at a mole ratio yppn < 0.02 for BPh in CA. Mixtures of either IC or BBA with CA resulted

L em~2 of HO; at mole ratios (x1c and xppa) between 0.01 and 0.15. HO,

in 10" — 10'? molecules min~
release was affected by relative humidity (RH) and film thickness suggesting coupled photochemical reaction
and diffusion processes. Quantum yields of HO5 formed per absorbed photon for IC, BBA and BPh were
between 107 and 5 x 10~°. The non-photoactive organics, Syr and SA, increased HO5 production due to
the reaction with the triplet excited species ensuing ketyl radical production. Rate coeflicients of the triplet
of IC with Syr and SA measured by laser flash photolysis experiments were kgy, = 9.4 0.3 x 108 M~1 s7!
and ksa = 2.7+£0.5x 107 M~! s~1. A simple kinetic model was used to assess total HO, and organic radical
production in the condensed phase and to upscale to ambient aerosol, indicating that BrC induced radical

I of HO, and organic radical respectively,

production may amount to an upper limit of 20 and 200 M day~
which is greater or in the same order of magnitude as the internal radical production from other processes,

previously estimated to be around 15 M per day.

3.2 Introduction

Brown carbon (BrC), defined as the fraction of organic compounds in atmospheric aerosol particles that

101-103  Absorption of

absorb efficiently in the UVA-VIS range, is ubiquitously present in the troposphere
solar radiation by BrC has been estimated at 0.1 — 0.25 W m™"! globally, which is approximately 25 % of
the radiative forcing by black carbon or soot 3. Photochemistry initiated by BrC species can change their
own chemical composition and both enhance and decrease light absorption over time””116. These processes
may be related to triplet forming BrC species, so called photosensitizers, which may catalyze radical chain

reactions. Photosensitized chemistry is well-established in aquatic photochemistry '

and has been recently
recognized as contributors to the oxidant budget in airborne particles6”12%123 This may therefore represent
an important contribution to aerosol aging, which refers to the chemical transformations induced by uptake
of gas phase radicals such as OH, HOy or NO3%7:%%72 to cloud droplets or particles?!, by partitioning
of low volatility compounds following the oxidation of the precursors in the gas phase, and by condensed
phase chemical processes. Recently, HOy release in organic mixtures with imidazole-2-carboxaldehyde (IC)
as photosensitizer and citric acid (CA) was determined as a function of relative humidity (RH) and IC

20, Here, we expand to another photosensitizer family and measure photosensitized HOo

concentration !
release for IC, benzophenone (BPh) and 4-Benzoylbenzoic acid (BBA). In addition, we quantify the influence
of different non-absorbing compounds, shikimic acid (SA) and syringol (Syr) on the IC initiated HO4 release.
Finally, we elucidate chemical cycling using a simple steady-state kinetic model to infer the internal HO5 and

organic radical production. We evaluate the relative importance of internal photochemical radical production
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in comparison to oxidant uptake from the gas phase and other internal sources.

Many known photosensitizers are carbonyls, which absorb above 300 nm especially when the carbonyl
function is attached to an aromatic system. Figure 3.1 illustrates the catalytic cycle of a photosensitizer
(P) with an initial excitation step indicated by the blue box (box a), followed by singlet (P*(s)) to triplet
(P*(t)) intersystem crossing (ISC). P*(t) state is long lived and can act as an oxidant!'® towards any
organic compound (the “donor”, RH), in the present study represented by CA, SA, and Syr. This leads to
an alkyl or phenoxy radical and a ketyl radical (PH) as illustrated in the black box b) in Fig. 3.1. PH
passes on an electron or hydrogen atom to oxygen or another electron acceptor (e.g., NOg)248 illustrated
in the magenta box c) in Fig. 3.1 and leads back to P in its ground state. The efficiency of the catalytic
cycle is reduced by several processes involving P*(s) and P*(t) such as deactivation of P*(s), deactivation
of P*(t), i.e. by phosphorescence, non-radiative decay, and reaction with oxygen. Radical reactions of
PH' also influence the efficiency of the catalytic cycle. Overall, formation of P*(t) leads to the oxidation
of RH and to the production of HO5. Therefore, this indirect photochemistry may drive oxidation under
those daytime tropospheric conditions that are characterized by low flux at wavelengths below 300nm,
where direct photolysis of the majority of organic compounds is not possible and HOy production in the
gas phase is not efficient. Imidazoles, which include IC, are BrC compounds formed as products from the

5,10,123

multi-phase chemistry of glyoxal and ammonium sulfate (AS) in aqueous aerosols Glyoxal is an

important oxygenated volatile organic compound (OVOC) originating from the oxidation of predominantly
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Figure 3.1: Photochemical catalytic cycle of a photosensitizer (P) in a particle. a) The P first absorbs light being
excited to the triplet state (P*(t)). b) The triplet reacts with an H atom/electron donor to produce the reduced ketyl
radical (PH’). ¢) The ketyl radical may transfer an H atom or electron to an acceptor, such as Oz. HO2 radicals
can then be released into the gas phase or react within the particle. Red reaction arrows indicate aging reactions of
condensed phase organic molecules. Acid dissociation of HO3 is not shown for simplicity.
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biogenic precursors. BPh, BBA''” and other aromatic carbonyls may be formed as intermediates in the

125,126

photooxidation of aromatic compounds in the gas phase or also by condensed phase oxidation of

biomass burning products 27128, CA serves as a proxy for non-absorbing, highly oxidized and functionalized
secondary organic compounds in the atmosphere. In solution, CA takes up or releases water gradually
without phase change over the whole range of relative humidity (RH) values studied here?46:25 which
makes it a good substrate and matrix from an experimental perspective. SA is considered a proxy for

reactive oxygenated organic material and has been found in biomass burning aerosol2°°. Its condensed phase

62,64,212

ozonolysis kinetics has been investigated previously Syr is a well-known thermal decomposition

product of lignin occurring in biomass burning aerosol from hard woods?2°7:258

9,259

and known to act as a single-

electron reductant with NOs and other oxidants

3.3 Experimental

3.3.1 Coated-wall flow tube experiments

The HO; release was measured by scavenging HOy with an excess of nitrogen monoxide (NO) in an
irradiated reactor containing a laminar coated wall flow tube (CWFT). The method has been described in
detail in our previous work'?% and further details, raw data from exemplary experiments and the rationale
of the conversion of the measured NO loss to HO, release rate are given in the SI. The coated tubes were
1.2 cm inner diameter, 50 cm long (Duran glass) and fitted snuggly into the reactor as inserts. The jacketed
glass reactor held at T=20 + 1°C was surrounded by 7 fluorescent lamps (UVA range, Philips Cleo Effect 20
W: 300 — 420 nm, 41 cm, 2.6 cm o.d., see SI Fig. 3.7), leading to Jyo, of 0.011 s~! in the flow tube. Flows
of Ny and Os were set by mass flow controllers at 1 L/min and 0.5 L/min respectively. NO was added with
a third flow of 5 — 10 ml/min of 100 ppm NO in N3. The NO concentration during CWFT experiments was
always in excess of 102 molecule cm™2 to efficiently scavenge 99 % of HO, produced by the films within
at most 50 ms (k; = 8.0 x 102 cm® molecule ! s at 298 K®%; tgg9, = —In0.01/(k;[NO]). The life time of
HO, with respect to its self-reaction in the gas phase is about 20 s ([HOz2] = 5 ppb and kuo, = 1.8x10'2
cm?® molecule™! s~1 at 298 K260,

NO + HO, — NO, + OH (R25)

RH from 25— 65 % at 20°C was controlled using two different humidifier apparatus, in which the carrier
gas passed either through a permeable tube immersed in liquid water at T' > 293 K or over liquid water at T’
< 293 K to a desired dew point. The flow was directed to bypass the reactor to exchange flow tubes without
the need to interrupt the flow system and to determine the initial trace gas levels at the entrance of the
CWEFT. The concentration of NO was measured by a chemiluminescence detector (Ecophysics CLD 77 AM).
H05 was measured by the AeroLaser 2021 analyzer. The preparation of the films composed of IC and CA
and their properties are described in our previous work*2?. The IC/CA, BPh/CA and BBA/CA films were
produced by depositing 400 of aqueous solutions of 0.75M of CA and varying amounts of IC, BPh or BBA
in the glass tube inserted. A homogeneous, thin and viscous film in equilibrium with the same RH as used

later in the experiment was achieved by rolling and turning the tube in all directions at room temperature
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under a gentle flow of humidified N5. Solutions were prepared prior to each experiment and kept in the dark.
The thickness of the film after equilibration with the given RH was estimated from the hygroscopic volume
growth factors of CA246, assuming that the water content was dominated by the properties of CA. Final
concentrations in the film were 5M of CA, 0.1.6 M for IC and BBA and 0.02 — 0.1 M for BPh at 35 % RH.
For CWFT experiments with SA and Syr the mole ratio IC/(CA+SA) and IC/(CA+Syr) was kept constant
at 0.15 at 40 % RH while increasing SA and Syr concentrations. Conditions of CWFT experiments are
summarized in Table 1. Blank experiments run with non-coated tubes were routinely performed in between
experiments with coated tubes and always resulted in NO losses below detection limit. In order to exclude
other sources of HO, films composed only of IC were irradiated, which did not result in detectable NO loss.
A commercial O3 analyzer (Photometric O3 Analyser Model 400E; TELEDYNE Instruments) was used to
check the absence of O3 (detection limit 2 ppb).

3.3.2 Aerosol flow tube experiments

An irradiated aerosol flow tube (AFT) experiment was also used in the exact same configuration as the
CWEFT experiments to measure HOs release from IC/CA particles. The AFT is 156 cm long, 7 cm inner
diameter and fabricated with Teflon perfluoroalkoxy copolymer (PFA). Lamps for irradiation (UVA range,
Philips Cleo Effect 70 W: 300 — 420 nm, 150.7 cm, 2.8 cm o.d., emission spectrum identical to those of
CWFT, Fig. 3.7) resulted in a Jxo, value of 0.011 s~1. Gas flow in the AFT consisted of 0.8 L/min of Nj,
0.2 L/min of Oy and a third flow of NO/Ny to maintain the NO concentration at ~ 2.5 x 10'2 molecule
ecm 3. A particle filter downstream of the AFT was used to prevent particles from entering the NO analyzer.
More details on the experimental procedure and exemplary raw data are shown in the SI.

Laser flash photolysis experiments The decay rate of the excited triplet state of IC in the presence
of SA and Syr was measured in aqueous solution by laser flash photolysis (LFP), as described in detail in
the SI.

Chemicals The chemicals used were imidazole-2-carboxaldehyde (> 99 %, Aldrich), benzophenone (>
99 %, Aldrich), 4-benzoylbenzoic acid (> 99 %, Aldrich), citric acid (Fluka), shikimic acid (Alfa Aesar, 98
%) and 2,6-dimethoxyphenol (99 %, Aldrich). The water used was Milli-Q water (18mS2).

3.4 Results

3.4.1 Influence of photosensitizer type and mixing ratio

Figure 3.2 presents the HO5 radical release in the CWFT as a function of the photosensitizer/CA mole
ratio at constant CA mass (76.8 mg) at a RH of 43 — 47 % for IC and 53 — 57 % for BPh and BBA.
The largest HO5 release of 1012 molecule cm~2 min~—! was due to the BPh/CA mixture at a xgpy of 0.025

2 min~! at a yppn of 0.002. The HO, release for the mixture of

and decreased to 1.6 x 10 molecule cm™
BBA/CA was 0.2 — 0.7 x 10*2 molecule cm~2 min—!, while for the mixture of IC/CA the release amounted
t0 0.1 —0.3 x 10'2 molecule cm~2 min~! for mole ratios (xBBA and xic) between 0.02 —0.08 and 0.03 —0.13,

respectively. Despite BPh having the lowest absolute concentration, it resulted in the greatest HO5 release
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reflecting its larger absorbance at wavelengths > 320 nm (Fig. 3.7) and more efficient radical production.

120 oxhibits an increase

The measurements of the HO;, release as a function of film thickness (Fig. 3.13, SI)
until around 3 pm and then tends to level off or decrease until 5.5 pm. This indicates that i) the primary
excitation is occurring predominantly throughout the bulk of the film, and ii) the observed HO release is
contributed from the upper 3 um. The fact that the roughly linear initial increase of HO5 with film thickness
exhibits a small offset may indicate a surface contribution, as discussed below. These results are consistent
with the AFT measurements shown in Fig. 3.14 (SI), where we observed two orders of magnitude more HOq
release per unit mass likely due to the shorter depth, from which HO5 molecules leave the condensed phase.
The absence of Og and the fact that the amount of HONO formed was nearly half of the NO loss (see SI) is
a strong indication that HO9 was actually the dominant oxidant. Photolysis of HONO was too slow (Jgono
= 0.0024s71) to initiate additional gas phase radical chemistry. Measurements were done over 100 hours of
irradiation for IC/CA without any significant drop of the HO; release, which confirms the photocatalytic
nature of the process. We cannot entirely exclude secondary chemistry of the oxidized donor that may lead

to elimination of HO5 and thus contribute to NO loss.

3.4.2 Influence of relative humidity

Figure 3.3 shows the HOs release at constant dry masses of CA and constant mole ratio of photosensitizers

as a function of RH (Fig. 3.3a). As RH increases from about 40 %, HO release decreases by about 1 order
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Figure 3.2: Measured HO> radical release as a function of the ratio of photosensitizer to citric acid (CA) for BPh
at 45 % RH, 4-BBA at 45 % RH and IC at 55 % RH (black, red and blue symbols, respectively). Error bars

are determined from the standard deviation of several replicate measurements. Solid lines are fits using the model
described in the text.
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of magnitude for IC, BBA and BPh. However, the trends of HO; release are dissimilar among the three
below 40 % RH. For IC/CA and RH increasing from 0 to 20 % the HO release increases to a plateau of
2 x 10'2 molecule cm™2 min~! at RH between 20 and 40 %. In contrast, for BBA/CA and BPh/CA, HO,
fluxes are much higher for dry conditions and then decrease towards 40 % RH.

Quantum yields of observed HO4 release per absorbed photon for these experiments calculated based
on absorption and lamp emission spectra (SI Fig. 3.7) are shown in Fig. 3.3b. In the high RH region,
the quantum yield is highest for IC and lowest for BBA, possibly caused by a lower ISC yield, faster
deactivation of P*(t), additional sinks for PH 261, lower rate of the reaction between P*(t) and CA or
competing processes such as secondary chemistry of HO5. The observed RH dependence (Fig. 3.3a) may be
qualitatively understood in the context of RH driven water activity to dilute or concentrate the reactants,
to affect the viscosity and thus molecular diffusion, and likely by phase separation occurring at low RH. At
RH between 40 — 60 %, where the mixtures with CA are presumably homogeneous solutions, water activity
increases which we expected to control the decrease of the HOs production for all three photosensitizers
due to the decreasing concentrations of donor, triplets, and radical intermediates caused by the dilution by
water. At low RH (low water activity) little change in volume and thus donor concentration occurs, but the

199 " wwhich we expected to lead to decreasing HO» production and release due

viscosity of the films increases
to low diffusivity of all involved species. The complex interplay of these effects will be examined together
with the kinetic model in the discussion section. When different types of organic matter (BBA and BPh
mixed with CA) are present in aqueous solution, they may phase separate, which we hypothesize to occur
for BBA and BPh between 0 — 20 % RH and 35 — 40 % RH, respectively, due to differences in polarity and
solubility, similar to cases of organic solutes mixed with inorganic salts?52 264 Phase separation may lead

to an accumulation of the more surface active photosensitizers at the film-air interface increasing its local
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Figure 3.3: (a) Measured HO; release (symbols) as a function of RH at a fixed mole ratio of photosensitizer to
CA (0.08 for BPh, 0.08 for 4-BBA, 0.11 for IC). Blue lines show model calculations for the case of IC based on
the parameterization of the diffusion coefficient by Lienhard et al.'', with and without an assumed water activity
dependence of the rate coeflicient for the HO; self-reaction (dashed and solid line, respectively). The blue dotted
line represents the model prediction with adjusted diffusivity. The dashed purple line represents a suspected surface
reaction. See text for more details. (b) Quantum yield HO2 release of versus RH for the same experiments. Error
bars are determined from the standard deviation of several replicate measurements.
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concentration there and thus increasing reaction rates of P*(t) or PH' and thereby also the HO, release
into the gas phase. Due to this complication, we only consider the IC — CA system in our further more

quantitative discussion of the behavior under dry conditions.

3.4.3 Influence of competing donors

Figure 3.4 shows the HO; release for the two systems IC/Syr/CA and IC/SA/CA as a function of the
Syr or SA donor concentration. Experiments employed constant IC and CA concentration at 0.7 M and 6 M,
respectively. For comparison, observed HOs release for the IC/CA system without any additional donor is
shown as the blue line in Fig. 3.4. At a concentration around 10=* M for Syr and 0.5 M for SA, HO, release
was enhanced compared to experiments using IC/CA. In turn, HO, release decreases by about a factor of 5
as the donor concentration increases further by a factor of about 50.

The enhancement of the HO9 release at low additional donor concentration may result from increased
PH' production, i.e., the additional donors compete with CA for oxidation by P*(t). The concentration at
which Syr and SA provide faster PH' production is related to the ratio between the rate coefficient of the
P*(t) with CA and that of the IC triplet with either of the additional donors. These rate coefficients were
measured by laser flash photolysis (LFP) as shown in Figure 3.12: ksa = (2.7 £0.5) x 10" M1 s7! for SA
(pH = 7) and ksyr = (9.4 £0.3) x 108 M~! s7! for Syr (pH = 6.5). The rate coefficient of the reaction
between the P*(t) and CA, kic/ca, was below the detection limit of 105 M~! s71. We note that kgy, is about
36 times greater than kgs. Though, the concentration ranges of Syr and SA, at which enhanced HO5 and
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Figure 3.4: HO. radical release photosensitized by IC in presence of citric acid and Syr (black squares) and SA
(red circles) as additional competing donors, respectively, both at constant IC (0.7 M) and CA (6 M) load at 45 %
RH. Error bars are determined from the standard deviation of several replicate measurements. Black and red lines
represent the HO release returned by the kinetic model described in the text for Syr and SA, respectively. The
blue line and dashed lines indicate the measured HO release and the error range, respectively, in absence of any
additional donor apart from CA.
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its drop was observed, differ by a factor of 1000, implying that additional chemical reactions, such as those
of PH" and HOs with the donors or their oxidation products, e.g., peroxy radicals, may also be important,

as discussed further below with the kinetic model.

3.5 Discussion

As mentioned above, we expected that the RH dependence would be mainly driven by the water activity
changing with RH leading at first to the following two effects: (i) The increasing water activity and thus
increasing volume of the film leads to decreasing volumetric concentrations of CA, P*(t) and PH" and thus
of resulting reaction rates. (ii) Water acts as a plasticizer for viscous aqueous organic solutions, leading
to decreasing viscosity with increasing water content and thus molecular diffusion coefficients increasing by
many orders of magnitude from low to high RH!%?. We evaluate the complex interplay of reaction and
diffusion with a kinetic model for the overall mechanism shown in Fig. 3.5 to adjust some of the parameters
that are not known for the present high solute strength system, to estimate the internal radical turnover and
to allow upscaling to atmospheric conditions.

The water activity dependent diffusion coefficient of HOs (Dpo,) was first estimated by extrapolating
from the data of HoO diffusion in CA solutions by Lienhard et al. 1123 (Figure 3.16, SI). The other parameter
values included in Figure 3.5 were obtained or estimated as described in the SI (Table 2). We first tried to
adjust the model to the data of Fig. 3.2 at 55 % RH and those for the thickness dependence in Fig. 3.13
with the rate coefficients kic/ca, kBPn/ca, kBBA/CA, Tespectively, as the only free variables, because they
control PH' production and strongly influence the calculated HO, release, as at 55 % RH the system was
not expected to be under diffusion control. The values estimated in this way for kic/ca, kBpn/cas kBBA/CA
were 90, 80 and 3.5 M~! s~!, respectively. Understandably, they are much lower than for electron rich
aromatics in the range 10° — 109 M~! s=1 119:265  There is not enough literature data to compare the relative
reactivities among the three sensitizers. The low value for kic/ca is also consistent with the upper limit
obtained from the LFP experiments, < 105> M~! s7!. kic/ca was then used to calculate the HOz release
for the RH dependence data (solid line in Fig. 3.3a). Obviously, the calculated HO5 release exhibits the
expected maximum at intermediate RH in Fig. 3.3a, but completely fails in predicting the observed slopes
at low and high RH. The sharp fall-off of the calculated HO4 release is due to Duo, dropping by 6 orders
of magnitude between 60 % and 20 % RH. Related to that, the model also fails to predict the thickness
dependence measured at 36 % RH. On the other hand the model strongly overpredicts HO5 release at high
RH. We note that solubility of Os in organic solvents, such as ethanol, propanol or carboxylic acids, is
higher than in water?6¢. Thus, O, solubility decreases in the transition from a CA rich solution at low RH
to a more HyO rich solution at higher RH (Fig. 3.15). However, the change in Oy concentration is only
about 20 %, and due to the significant rate of triplet scavenging by Os, the lower Oy concentration increases
the triplet concentration with higher water activity and thus compensates the dilution effect. Below 50 %
RH the decrease in the diffusion controls the decrease of HO2, and not oxygen solubility, since D drops
several orders of magnitude down to 0 % RH.

The inability of the model to explain the RH dependent reactivity may be related to a dependence of
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the many rate coefficients on the activity of the reactants (solute strength effects) and also on viscosity. The
first suspect was the self-reaction of HOq, kscavs, motivated by the significant dependence of its gas phase

rate coefficient with water vapor pressure 267

. Keeping with the diffusivity as before we parameterized kycays
as a function of RH (see SI) leading to a much lower HO4 self-reaction rate at lower RH. As a result, the
model fits improve with respect to the RH dependence down to around 40 % RH (dashed line in Fig. 3.3a)
and with respect to the thickness dependence (measured at 36 % RH, dashed line in Fig. 3.13). Below 50 %
RH, diffusion is limiting the HO4 release, which leads to increasing HOy concentration and thus increasing
sensitivity to the value of kgeav3. At high RH, the self-reaction rate is not relevant enough due to fast
diffusion of HO5 out of the film and thus low steady state HO5 concentrations, so that the change in kscavs3
does not improve the fit in that range. Also, below 40 % RH, the drop of Dyo, dominates the fall-off of the
modelled HO; release. Motivated by the occurrence of rate limiting surface reactions at low RH in many

64,211,213 ' we added a surface HO5 production term proportional to the IC

other multiphase reaction systems
concentration adjusted to the thickness dependence in Fig. 3.13 (dashed cyan line). This would provide an
explanation for the small offset of the observed linear dependence of the HO, release with thickness below
2um. The same surface reactivity would then dominate the low RH range in Fig. 3.3a (dashed cyan line).
The slight decrease with increasing RH comes from the decrease in IC concentration with increasing water
content. Apparently, such a surface process could explain the order of magnitude of HO5 release at low RH,
but in absence of further constraints we refrain from suggesting an explicit RH dependent surface reaction
model. We also note that such a surface process could also result from phase separation with higher reactivity
than expected for a homogeneously mixed system. As an alternative to suggest a surface process and water
activity dependence of kscavs, we also evaluated the effect of an alternative parameterization of Dyo,. (Fig.

3.15, SI, dotted line in Fig. 3.3a, dotted line in Figure 3.13). The results indicate that Dyo, would need
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Figure 3.5: Catalytic mechanism and rate coefficients for the photochemistry of photosensitizers IC, BBA, BPh with
a CA and the other H atom donors SA and Syr. Labels for photosensitizer and donors are the same as in Fig. 3.1.
Reaction rate coefficients are defined in the SI.
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to be four orders of magnitude higher than that based on the Lienhard et al.'! data under dry conditions
to explain the measured HO,. In turn, this scenario would be less consistent with the measured thickness
dependence of the HO; release. In summary, based on the available data and this sensitivity analysis, we
are not able to conclusively decide whether the higher than expected HOq releases at low RH are due to
changes in Dyo,, kscavs, the occurrence of a surface process or a combination thereof.

While we do not assume the medium to affect the initial excitation, ISC may be affected by reduced
rotational freedom at high viscosity2?7, leading to increasing ISC yield from low to high RH. There is

217

evidence that hydrogen bonded transition states are involved in electron transfer<’, proton coupled electron

218 and hydrogen abstraction reactions?'®. This could lead to rates strongly increasing with water

268

transfer
activity, not only for kecavs 27 but also for the self-reaction of PH 28, their reaction with other organics
and the quenching reactions between triplets and organics?%® As discussed above, while the water activity
dependence of ke.avs may help to explain the HO5 release at 30 — 40 % RH, the HO, self-reaction is not
relevant at high RH. Therefore, the strong drop in HO5 release between 45 % and 65 % RH must be the
consequence of the water activity dependence of ISC, radical source and radical sink processes, in which
the sinks (scavenging reactions of PH" and HO3) are increasing more strongly with water activity than the
sources. In absence of reliable information about solute strength effects on these processes, we refrain from
using additional ill-constrained parameters in an attempt to fit to the data. We therefore use the parameters
valid in the 40 — 50 % RH range for the remainder of the discussion.

For the experiments with Syr and SA shown in Fig. 3.4, all parameters were kept fixed, except kga
and ksyr, to reasonably well reproduce the transition from HO, release enhancement by Syr and SA into
that of HO2 scavenging towards higher concentrations. The value of kgy had been adjusted downwards
from 2.7 + 0.5 x 10" M~! s7! as determined in the LFP experiments to 1 x 105 M~! s~!. This may be
justified by the differences in viscosity for the CWFT (10 Pa s at 40 % RH%?) and the LFP experiments
(0.001 Pa s), since electron-transfer reactions may slow down from low to high viscosity?!7. Secondly, pH in
the CWFT and LFP was 1.2 and 7, respectively. Deprotonated acids may undergo one order of magnitude
faster electron transfer reactions?” so that ksa measured at pH = 7 likely overestimates the reactivity for the
CWFT experiments. In contrast to SA, Syr neither protonates nor deprotonates at pH conditions between
the two experiments and thus, values of ksy, are not expected to be affected by the different pH values.
Since no reduction in kgy, compared to its values measured by LFP was required to achieve comparable
agreement with observations in Fig. 3.4, pH seems to be the dominant factor affecting the reactivity of the
IC triplet with Syr and SA under our conditions. The fate of PH' is the reaction with organics (Syr or
SA)233 self-recombination?%® and reaction with O to produce HO,. This means that PH' production is
fundamental to explain HOs production in the condensed phase. This internal radical turnover in presence
of an efficient triplet-state scavenger is substantiated in Figure 3.6 showing the modelled total production
rate of HO5 in the condensed phase and flux to the gas phase for the conditions of the experiments with
Syr presented above at 40 % RH. Production of PH' from the reaction with CA and Syr, singlet oxygen
and triplet state of IC are also included in Fig. 3.6. The H3O5 release to the gas phase predicted by the
model is about 10 molecules cm™2 min~! (1072 M s!), unfortunately below the detection limit of the

H50O5 detector used in our experiments.
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Figure 3.6: Estimated production of IC ketyl radical, singlet oxygen, IC triplet and HO2, in the condensed phase film
as well as HO4 release into the gas phase for IC and CA with increasing concentrations of Syr at the same conditions
as the CWFT experiments performed with Syr (Fig. 3.4.

The internal HO5 production is predicted to be three orders of magnitude greater than its release (dark
blue and black lines, respectively, in Fig. 3.6), mostly due to slowed diffusion and the competing scavenging
reactions discussed above. The organic radical production is another factor of 10 higher than that of HO,.
Note that as the Syr concentration increases, PH' production increases (red line) while singlet oxygen pro-
duction decreases (violet line) (Figure 3.6) implying that radicals, both organic radicals and HO2, may be
preserved and lead to an increasing oxidative capacity within the particle at high organic donor concentra-
tion. In the sense of an overall uncertainty estimate, we note that when the ISC is reduced to its lower limit
of 0.1, the estimated kjc,ca would have to be increased by a factor of 10 to match with the observations,
which would lead to a corresponding reduction of radical production. Even so, with either more reactive

donors, or higher concentrations of those similar to Syr, the overall radical production may get comparable.

3.6 Upscaling to atmospheric conditions

Photochemistry of triplet forming BrC is an important source of radicals in the condensed phase as clearly
demonstrated in this study for IC, BBA, and BPh in combination with different oxidation targets. The mass
absorption coefficient (MAC) reported by Zhong and Jan!%7 for a biomass burning aerosol indicates that
roughly 9000 moles of photons per liter of liquid phase of aerosol are absorbed per day assuming 500 nm
diameter particles with chromophore concentrations of 1M. This yields an upper limit for triplet production
of 900 M day~! considering 0.1 as quantum yield for triplet production26!. The absorbance of the mixtures
used in this study would lead to similar MAC values as those reported by Zhong and Jan'%7. Mass based
upper limits of HO5 release observed in this study were 4.2 x 106, 1.4 x 10'7 and 1.4 x 10'® molecule per hour

and gram, for IC, BBA and BPh, respectively. We upscale these fluxes by assuming a suspended aerosol
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mass of 20 ug m~3, a 12 hour irradiation cycle with sinusoidal intensity profile at 0° zenith angle and the
ratio of the excitation rates of the photosensitizers from the sun spectrum and that used in our experiments
(Jsun/Jramps = 2.83, 0.51 and 0.53 for IC, BBA and BPh, respectively). This leads to an HO, release of
2.4 %102, 1.4 x 102 and 1.5 x 10'3 molecules m~3 h~! for IC, BBA and BPh, respectively. These remain far
below the full sunlight tropospheric gas phase HO5 productivity of 1 x 107 molecules m~2 h~!27!. Though,
they may become relevant in heavy pollution episodes!?? or when not much light < 300 nm driving gas phase
radical production is available. As demonstrated in Fig. 3.6, depending on the presence of more reactive
organic oxidation targets (such as electron rich aromatics occurring in biomass burning particles) the total
internal radical turnover may exceed the HOj release by four orders of magnitude. The total condensed phase
internal radical production was around up to 1 x 10'7 molecule m~3 h~!. Considering the same assumed

aerosol population and light yields an estimated condensed phase HO; production of 10'® molecule pg™!

h~!, which is about 1 x 10?®> molecule L~! h~! in the condensed phase or an upper limit of 200 M day .
For a typical gas phase concentration of 10° OH radicals cm™2 during the day, its flux into the condensed

2 571 or 102 molecule s~! into a particle 500 nm in diameter yielding a

phase is about 10'° molecule cm™
volume averaged maximum turnover of about 0.2 M day~—!. Other radical sources, mainly Fenton chemistry
and photolysis of NO3~ and Hy0O5 contribute about 15 M per day?2. Therefore, the indirect photochemical
radical source addressed here may play an important role in aerosol aging. Clearly, the relative importance
of triplet oxidation on aerosol aging may depend on the triplet forming efficiency of real chromophores, size
and the micro-physical properties of the aerosol particles, and could be clarified by measurements of triplet

concentrations in ambient particles?72.

3.7 Supporting Information

3.7.1 Spectra

The absorption spectra for the three photosensitizers and the additional organics added to the experiments
are shown together with the irradiance of the lamps used and the solar actinic flux for the surface of the Earth
at 48° zenith angle (Figure 3.7). The overlap between the absorption spectra of the three photosensitizers
and the lamps spectrum is orders of magnitude higher than the overlap between the absorption spectra of
the additional donors and the lamps spectrum. This corroborates that the photosensitizers are the primary

chromophores in the system.

3.7.2 NO loss and conversion to HO, production

NO was added to the gas flow in sufficient excess so that it acts as the scavenger for HOs. A clear
NO loss is detected upon switching on UV lights (Fig. 3.8) due to the release of HO4 radicals into the gas
phase and reaction of NO with HO5 to form NOy and OH radical. OH is scavenged by NO to produce
HONO. The chemiluminescence detector was preceded by a HONO trap with an optional bypass, and a
molybdenum converter kept at 360°C, also with an optional bypass, to convert HONO and NO; into NO.
This configuration allowed determining NO, NOs and HONO independently by differential measurements
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Table 1: Compilation of experimental conditions including masses of photosensitizers (P), CA, Syr and SA.

Experiment P mass (mg) CA mass (mg) DH mass (mg) RH
IC/CA 1-5(IC) 76.8 55
BBA/CA 1—4 (BBA) 76.8 45
BPh/CA 0.1 —1 (BPh) 76.8 45
RH dependence 3.4/5.8/7.2 (IC/BPH/BBA) 76.8 0—70

IC/CA/Syr 4 (IC) 76.8 5% 1074 — 0.02 45
IC/CA/SA 4 (IC) 76.8 3.6 — 20 45
IC thickness 0.5-6 (IC) 7.2 —72 36

(Fig. 3.8 and 3.9). As in previous experiments!?", the ratio NOy/HONO was about 1.4. The presence of
HONO confirms that HOs was indeed the oxidant of NO, rather than another RO5 species. The fact that
the ratio to NOgy is less than one indicates that some of the OH radicals may be lost at the surface in spite
of the large NO concentration or that some HONO may decompose heterogeneously over the film or along
tubing downstream of the CWFT. We performed always with NO concentrations above 500 ppb NO, which
is sufficient to efficiently scavenge HO, 120,

The time dependent NO loss for films loaded with BPh and CA for humidities below 50 % (Fig. 3.10)
has different behavior than for films loaded with the other two photosensitizers (Fig. 3.8). We assumed
that BPh is degraded rapidly in the films by ketyl radical self-reaction or reaction with HO, radicals2%®. A
complete steady state was not observed for those experiments. For this reason we take the HO5 production

in the first few seconds of irradiation, for which the concentration of BPh in the films is known.

3.7.3 Experiments performed

Table 1 shows a list of the experiments performed specifying the mass used of the different compounds

and the relative humidity.
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Figure 3.7: Absorption spectra of the three photosensitizers (IC, BPh and 4-BBA) and the donors (CA, shikimic acid
and syringol), irradiance spectrum of the UV lamps used and solar actinic flux at 48° zenith angle.
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Figure 3.8: NO concentration raw data from films with lamps on and off.
3.7.4 Laser flash photolysis (LFP) experiments

The production of the excited species is driven by a pulse of a laser producing a significant population of
the excited species within a few nanoseconds. The kinetic experiments for the reactions between the triplet
state of IC with the donors were performed with the third harmonic (266 nm, pulse width ~ 7 ns) of a
Nd:YAG laser (Surelite IT 10, Continuum) operated in the single-shot mode. Since the local maximum of
absorption for IC is at 280nm, this wavelength was chosen (Figure 3.7). During the experiments, the laser
pulse energy was at 12 — 14 mJ per pulse (31 — 36 mJ/cm?) to limit as much as possible the photolysis of the
photosensitizer and therefore possible interferences of its products on the studied chemistry, but also two-

photon excitation. The laser output passed through the aperture in the short axis (4 mm path length) and
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Figure 3.9: NO concentration raw data to show NO loss with lights on and HONO trap in line, and w/o the
molybdenum converter, to allow differentiating between the NO loss resulting from the reaction with HO2 and the
secondary loss from the reaction with OH.



3 CHAPTER 3 74

580 5
—

ppb

~~ 5401 g
520 .
NO loss
500 A -
480 - 4
460 - 4

440 - i

NO concentration

420 - i

0 5 10 15 20 25 30 35
Time (min)
Figure 3.10: NO loss profile when lights on for films load with BPh and CA at 45 % RH.

the beam was led by mirrors to the reaction cell. The solution containing the photosensitizer was introduced
in the flow cell of 450 mL by means of a peristaltic pump, with a flow of 1.6 mL/min, ensuring a complete
purge of the exposed volume every 17 s. This limited the exposure of the introduced solution to 3 — 4 laser
shots and maintained a constant temperature in the flow cell. All connections were made from either glass
or PTFE tubing ensuring a clean liquid flow.

Transient species produced by the pulsed laser beam were monitored by means of time-resolved absorption
spectroscopy. The analyzing light provided by a 75 W high-pressure Xenon arc lamp (LOT-Oriel) passed
through the two apertures of the long axis of the flow cell (1 cm path length). The light was then collected by
a 0.25 m monochromator (Spectral Products DK240) equipped with a 2400 grooves/mm grating and detected
by a photomultiplier (Hamamatsu H7732-01). The PMT signal was passed through a high-speed current

amplifier /discriminator (Femto) and the AC component recorded on a 300 MHz oscilloscope (Tektronix
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Figure 3.11: Decay of the triplet state due to deactivation and reaction with syringol.
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Figure 3.12: Rate coefficients derived from the laser photolysis experiments for the reactions of the triplet excited
state of IC with Syr (black) and with SA (red).

TDS3032c). For every experiment we repeated 32 measurements to have an accurate signal of the decay of
the triplet (Figure 3.11) excited at 266 nm with the laser by measuring the triplet decay at 330 nm where
the spectrum of the triplet state of IC has a maximum?2”3. We analyzed the mono-exponential decay of the
triplet with and without H atom donor (shikimic acid and syringol) in order to evaluate the rate coefficient
between the triplet state of IC and the donors.

We determined the rate coefficient of the reaction between the triplet of IC and syringol and shikimic
acid in aqueous solution at pH 6.5 and 7 respectively. Measurements at more acidic conditions, which will
be closer to the pH of our CWFT experiments, were not possible since the triplet of IC is not detectable by

our instrument at low pH. The results are shown in Fig. 3.12.

3.7.5 Thickness dependence

HO; production increased with increasing thickness of the film (Figure 3.13) and levels off at thicknesses
above about 3 pum. This indicates that HO4 loss is probed out of the top few pum of the film, indicating that
there is a significant HO, radical loss within the film by scavenging reactions with organics or by itself. In

turn the observed behavior indicates that HOs production is not only a surface process.

3.7.6 Radical production from IC/CA aerosol particles in the aerosol flow tube (AFT)

Figure 3.14 displays the behavior of the NO concentration at the exit of the aerosol flow tube while
irradiated in presence and absence of pure CA and mixed IC/CA particles. Already in absence of aerosol, a
significant light induced NO loss was observed possibly due to indirect photochemical oxidation at the walls
of the flow tube. The same NO loss was also observed in presence of pure CA aerosol. In turn, a significantly
larger loss was observed when IC was added to the aerosol. The solution from which the particles were
generated was made from 260.2 mg of IC and 1005 mg CA in 100 mL (mole ratio 0.5).

The HO» production found for aerosol particles is on the same order of magnitude when compared on the

2

basis of surface area (5 x 10'2 molecules cm~2 min~!) and two orders of magnitude higher when compared
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Figure 3.13: HO; release for films keeping IC/CA molar ratio constant at 0.16 but different loads leading to different
film thickness at 36 % RH (black circles). Error bars are determined from the standard deviation of several replicate
measurements. The corresponding model results with Lienhard parameterization of diffusion®! (solid blue line) and
kscavs reduced (dashed blue line) are shown. The contribution to the surface reaction was added to the latter (cyan
dashed line). The prediction of the model using the proposed diffusion parameterization is represented by the dotted
blue line.

on the basis of mass (4 x 104 molecules mg~—! min~!) than for the experiments with the films in the CWFT
assuming the ratio of IC/CA 0.5. As expected, higher HO» release was observed per unit of mass due to the
particle diameter being much smaller than the thickness of the films in the CWFT allowing HO5 release to

dominate over self-reaction.
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Figure 3.14: HO; radical production in aerosol particles of IC/CA (0.5 molar ratio) at 20 % RH compared NO loss
coming from the empty reactor and the CA aerosol particles.
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3.7.7 Modeling

All the reactions and the corresponding rate coefficients taken into account are shown in Table 2. The
excitation rates (kic, kgpn and kppa) were obtained by integration of the product of the spectrum of the
UV lamps with the absorption spectra of the three photosensitizers (Figure 3.7) and taking into account the
fraction of singlet states that turn into the triplet is 0.99 for BPh?6!. We assume an intersystem crossing
efficiency of 0.99 for IC and BBA taking into account that all molecules are highly conjugated systems. For
IC, the rate coefficients of the deactivation of the triplet (ko(c)) was taken from the laser flash photolysis
experiments (Figure 3.12). For the oxidation of syringol (ksy,) and shikimic acid (kga) by the triplet we
took into account the rate coefficients measured by laser flash photolysis experiments but we allowed them
to vary to get a better fit and as justified in the main text. The rate coefficient for the deactivation of the
triplet of BPh is 6.7 x 10° s 26! and we assumed the same for BBA (kygpn/Bpa)). The rate coefficient
of the quenching of the triplet by O was taken as an approximation from Canonica et al. 2000''°. We
assumed a rate coefficient for the reaction between the ketyl radical and the Oq (k4) to be 107 M1 g=1274,
The HOs itself reaction rate (kscays) was taken from Tang et al.2” The concentration of oxygen in the films
was inferred by the study of Battino2%6, assuming that oxygen solubility in propionic acid (PA) and CA are

similar and defining the solubility of oxygen in mixtures of citric acid and water as:

w 1—w
50s,fitm = (505,1,0)" % 5(5. pA) (13)

Where w is the mass fraction of water in the film.
We defined the release due to diffusion (kqif) as:

sy — <D> (14)

Filmthickness

We used the parameterization of D of water in CA from a work of Lienhard et al.!! at 281K to calculate

4.0x1073 1 .

3.0x1073 4 1
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Figure 3.15: Parameterization of oxygen solubility in mixtures of citric acid and water as a function of relative
humidity. The black lines indicate the region of oxygen solubility for our experimental conditions.
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Table 2: Chemical reactions and the corresponding rate coefficients used for the model.

Rate coeeficient symbol Reaction Rate coeff. (M~ 1 s~ 1) Rate coeff. in ref. (M~ 1 s 1) Source/Ref.
kic 1c R, ogess 1x10~3 Calculated®
kBPL BPL 1Y, ppnd* 2x10~ 1 Calculated®
KBBA BBA Y, BBAS3* 11x10~1 Calculated®
ka(1c) 1c3% —— 1c8* 6.5x10° Measured LFP
ko(BPh/BBA) BPh3*/BBAS* —— BPh/BBA 6.5x10° Canonica et al. 119
kg P3* 4Oy —— P+ 10, 6.7x10° (6.7 £ 0.2) x 10° Canonica et al. 119
k1C/CA IC3* + CA —— ICH. + CA. 90 Estimated
kBPh/CA BPh3* — - BPhH. 80 Estimated
EBBA/CA BBA3* —— BBAH. 3.5 Estimated
kSyr 1C3* 4+ Syr —— ICH. + Syr. 9.4x108 9.4x108 Measured LFP
kgA IC3* + SA —— ICH. + SA. 1x108 2.7x108 Measured LFP
Escav(Syr) ICH. + Syr —— Prod 1x109 (9.7 £0.4) x 108 Shi et al. 276
Escavi(SA) ICH. +SA —— Prod 8x10° (9.7 £0.4) x 108 Shi et al. 276
oy ICH. + Oy —— IC 4 HOq 1x109 (1 — 5)x109 Maillard et al. 274
Kscav2(Syr) HOgy + Syr —— Prod 7x10° (1.40 + 0.03) x 108 Bielski et al. 16
Escava(SA) HOg + SA —— Prod 9x102 10! — 108 Bielski et al. 16
kocays HO, + HOyp —— Hy05 8x108 (8.3 + 0.7) x 108 Bielski et al. 16

@Assuming intersystem crossing of 1 for all of them (measured for BPh?261)

D for HO at 293K correcting for different temperatures and molecular size by means of the Stokes-Einstein

o (i)

Where D is diffusion coefficient, kg is Boltzmann constant, T is temperature. p is viscosity and R is

relation:

the radius of the molecule. With the corresponding D, the rate coefficients of the reaction between CA
and the triplet state of the photosensitizers (kic/ca, kspn/ca and kppa/ca) was obtained by adjusting the
outcome of the model to the data of HO5 production for films with the photosensitizers and CA and the
thickness dependence experiments (IC/CA) with kic/ca, kspn/ca and kgpa/ca as free variables. In order

to illustrate the response of the model when the diffusion coefficient is higher than expected at low humidity,
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Figure 3.16: Diffusion coefficients as a function of relative humidity from the parameterization of Lienhard et al.'!

at 281 K for water (black line), the extrapolated from the latter to 293 K for HO2 (red line) and the alternative
parameterization (blue line) to achieve a better fit to the measured HO release under dry conditions.
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an alternative parameterization of Drp (%) was used as a scenario:

RH (%
log(D)ru(%) = 2; ) _ 13 (16)

For another scenario where HOs is poorly scavenged at low RH, we parameterized kgcayv3 as following:

(17)

log(k)scavii = ZOQ(S X 105) + (W)

20

The reaction between the ketyl radical and oxygen must compete with the scavenging of the ketyl radical
by the donor (kseay1). The competition for the ketyl radical recombining with other radicals is almost
inexistent but it might be important for low concentrations of oxygen deep in the film or inside the particle.
The ketyl radicals?7® and peroxy radical?”” can react rapidly with organics, especially with those with
conjugated or aromatic functionalities. To simplify the model, kgcay1 Summarizes the reactions of the ketyl
radical with the peroxy radical, organics or other radicals preventing HO4 to be produced and first guesses
for their rate coefficients are taken from Shi et al.?”® and kscavi(syr) and kgcavi(sa) were adjusted. HOz can
react rapidly with organic molecules as reported in Bielski et al.!® As a first guess, we estimated the rate
coefficient for the reaction between the HO5 and the additional organics (kscave) from the rate coefficient
for the reaction of HO, with 3,4-Dihidroxybenzaldehyde (similar to syringol), which is 1.4040.03 x 107 M~!
s7115. From this guess Kgcava(syr) and Kscava(sa) were adjusted. The rate coefficients of the reactions between
organics and HO, may vary over a broad range from 10! to 108 M~! s~! while for citrate ion it is < 0.14
M~! 57116 50 we do not consider the reaction between the HOy and CA.

Since the release of HOj is constant while keeping the lights on, we assumed steady state and calculated
the concentrations of the triplet state, ketyl radical and HO5, as well as the release of HO2 to the gas phase.

We set the differential equations shown below based on the mechanism (Table 2) and took the rate
coefficients described above. We calculated the concentration of the different chemical species and the
production and release of HO for several conditions assuming steady state (shown in the figures in the main

text as model lines).

() = haclrc) — kal1C¥) - KlOAIC™ ) = hicyoAlIC][CA] ~ kom[DHIIC™ =0 (15)

(d[I;H]> = k1c/callC*|[CA] + kioypu[IC*|[DH] — ks[Oo][ICH] — kscan [DH][ICH] =0 (19)
(d[fé 1502]) = k3[O9)[ICH] = kacavsHO3)? = kscava[DH|[HO3)] — ki [HO2] = 0 (20)

105 = krc[IC]
ko + k3[O2] + k1cjcalCA] + kpu[DH]
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[HO3]

krcjcalIC*[CA] + kicypu[IC?*][DH]
k3 [02} - kscavl[DH]

[ICH] =

. kdiff + kscm)Q[DH] + \/(kdsz + kscan[DH])Q - 4ksca113k3 [02] [ICH}

kacav?)

80
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4.1 Abstract

Atmospheric aerosol particles can contain light absorbing organic compounds, also called brown car-
bon (BrC). Subsequent to UV-VIS light absorption, many BrC species known as photosensitizers, such as
imidazole-2-carboxaldehyde (IC), can be excited into triplet states that can initiate catalytic radical reaction
cycles within atmospheric aerosol, therefore increasing the reactive oxygen species (ROS) production within
atmospheric aerosol particles. Triplet states (or ROS resulting from them) can also react with halides gen-
erating halide radicals and additionally molecular halogen, which can be released into the gas phase. In this
work we study the influence of bromide and iodide on the photosensitized HO5 production and release upon
UV irradiation of films in a coated wall flow tube (CWFT) containing IC in a matrix of citric acid (CA).
Additionally we measured the iodine release upon irradiation of IC/CA films in the CWFT. We use a kinetic
model to interpret our results and to assess radical production and iodine release in sea-spray particles. As
indicated by the experimental results and confirmed by the model, significant recycling of halogen species
occurs via scavenging reactions with HOo, to prevent the full and immediate release of the molecular halogen
(bromine and iodine) produced, while shutting down partially the HO, chemistry. The recycling efficiency
is higher under the effect of diffusion limitations at high viscosity. Our findings also show that halides can
increase substantially the BrC photosensitized HO5 production promoting radical production by reacting
with triplet states affecting the ROS production in sea-spray particles. The iodine production within sea
salt aerosol particles due to iodide oxidation by ozone is estimated at 5.9 x 107° M s~!. Under diffusion
limitation this activation can drop several orders of magnitude (2.7x1078 when Do, ). The estimated iodine
production from BrC photochemistry under viscous conditions amounts to 5.4 x 1078 M s~!. This indicates
that BrC photochemistry must be taken into account to correctly predict the iodine activation in sea spray

particles under relatively dry conditions where diffusion is slow within particles.

4.2 Introduction

Volatile halogen-containing species such as CH3X, CHo XY, HOX, XY, and X5 (where X and Y can be Cl,

Br and I), also called activated halogen species, are emitted into the atmospheric gas phase by oxidation of

)278 at the ocean surface, by dark or photochemical

175,176
b

halides by ozone!” or by radicals (OH or NOj3 for example

oxidation in snowpacks!™17 by biogenic emissions of halogen-containing organic species (Org-X)

279 or by emissions from volcanos, among other processes!'””. Halogen

by activation from sea spray aerosols
activation refers to the production of activated halogen species. These species are direct precursors of reactive
halogen species (RHS) such as X atom or XO 7 which trigger oxidative processes in the gas phase!83. RHS
were first identified as important catalytic ozone depleting substances by Molina and Rowland?8°. The
related complex chemical cycles explained the loss of stratospheric ozone and specifically also the recurring
polar spring time ozone hole over Antartica®®!. In the troposphere the presence of XO shifts the HO,
equilibrium (HOy = OH) towards OH 807185 especially for the case of 10180:279:282.283  RHS also influence

the budgets of nitrogen oxides (NO,), organic compounds and organic peroxy radicals!””. It has been

186,187

observed that RHS of iodine produce ultrafine particles found in coastal aereas This new particle

188-191

formation occurs via polymerization of 1505 , which is produced by the (photo)oxidation of iodine



4 CHAPTER 4 83

192

precursor species such as Iy and Org-X 193, The production and depletion of activated halogen species at

the ocean surface or in sea-spray particles are key processes to understand their release into the gas phase
and the contributions to their emission fluxes!7%194,284,

Photochemistry can trigger many oxidative processes in the atmosphere which contribute directly to the
oxidative budget both in the condensed and gas phases of the atmosphere, by producing oxidizing excited
molecular states and radicals such as triplet states, singlet oxygen or HO, radicals%7*1?. Brown carbon (BrC)
is defined as the fraction of organic compounds in atmospheric aerosol particles that absorbs efficiently in the
UVA-VIS range. Some BrC species can undergo direct photolysis, while others may also be photosensitizers,
which are species that photocatalyze radical chain reactions, involving organic and HO, radicals, via excited
triplet states as well established in aquatic photochemistry ''?. Recently, photosensitizing BrC species have
been recognized as contributors to the oxidant budget in airborne particles®7-12%:123 Oxidation of halides
by the triplet states of photosensitizers2”™® or by chlorophyll?®®> may precede halide radical chemistry at
the sea water surface'®® and likely also in aerosol particles, which contributes to halogen activation. The
concentration of organic matter and potential chromophores as precursors for triplets are significant 3%9:286-289,
especially at the surface of biologically active oceans and in sea spray particles deriving thereof.

From the concentration of triplet states in fog water of up to 10~'2 M, the upper limit of the concentration
of triplet states in aerosol particles would be around 1 x 1071% M due to increased concentration at low water
activity. The concentration of halides in sea spay aerosol particles goes up to 1 x 1076 M?290-292 for jodide
and 8 x 1073 M for bromide?®*. Assuming a rate coefficient of the reaction between a typical sensitizer triplet
state and iodide of 5 x 10° M~! s71273_ the upper limit for iodine activation upper limit may get 2.5 x 10~7
M s~!, which leads to a low life time of iodide in the aqueous phase. This indicates that photosensitized
chemistry may significantly contribute to the halogen activation in sea-spray particles or at the ocean surface
itself.

Typical photosensitizers of interest are carbonyls, which absorb above 300 nm especially when attached

to an aromatic system (see absorption spectra in SI Figure 4.4)!19.

Figure 4.1 illustrates the catalytic
cycle of a photosensitizer in an organic aerosol particle in presence of halides. First, the photosensitizer
(P) absorbs radiation, and this excitation step is followed by singlet (P*(s)) to triplet (P*(t)) intersystem
crossing. The triplet state is long lived and, thus, can act as an oxidant!''” reacting with an electron donor,
such as a halide ion (X7), or an organic H atom donor, producing a ketyl radical (PH /P 7). Oxygen
competes with electron/H atom donors for the triplet being able to produce singlet oxygen (105) from its
reaction with the triplet. The ketyl radical passes on an electron or hydrogen atom to oxygen or another

electron acceptor (e.g., NOy248)

producing HOs. The photosensitizer catalytic cycle is enclosed in box a).
The efficiency of the catalytic cycle is reduced by deactivation of the singlet, deactivation of the triplet
(phosphorescence, non-radiative decay and reaction with oxygen) and other radical reactions involving the
reduced ketyl radical. The presence of organics that are highly reactive with triplet states increases the
photosensitized HO, radical production of imidazole-2-carboxaldehyde (IC) up to 20 M day~—!. Subsequent
to the oxidation of the halide anion by the triplet state of IC, halide radicals (X' and X57) are produced
and the ensuing halide radical-radical reactions produce molecular halogen compounds (Reactions 1 — 4,

Table 3). The oxidized species Xo, Xo~ and X' are likely recycled into X~ by HO4 radicals (Reactions 5-9,
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Figure 4.1: Photochemical catalytic cycle of IC (box a) and halide radical chemistry induced in a particle. IC first
absorbs light leading to the triplet state, which reacts with an H atom/electron donor (DH and X7) to produce the
reduced ketyl radical (PH) and halide radicals (X'). The halide radicals can produce molecular halogen (X2) or Xo~
by reacting with X~. PH may transfer an H atom or electron to an acceptor, such as Oz producing HO, radicals.
HO2 can recycle the halide radicals previously produced into halides or oxidize further the X2~ to produce halogen
molecules. HO2 radicals can be released into the gas phase or react within the particle with halide radicals or with
itself. Solid lines refer to reactions and dashed lines refer to transfer from condensed to gas phase. Red reaction
arrows indicate reactions promoting HO2 production, green arrows indicate reactions of recycling of halides promoted
by HO2 and blue arrows indicate reactions of Xo promoted by HO2. Rate coefficients are provided in Table 3.

Table 3), however a fraction of Xy may be released into the gas phase!?®, and these recycling processes
are determining the effective efficiency of halogen activation. De Laurentiis and co-workers suggested that

excited triplet states may oxidize bromide faster than OH radicals in sea water2?3. Some modelling studies

178,191

of aerosol chemistry consider halogen chemistry driven entirely by inorganic halogen chemistry , while

Pechtl et al. claim that dissolved organic matter may be included 4. The contribution of photosensitized
halogen activation is missing in these models.

Imidazole-2-carboxyldehyde (IC) is a BrC proxy and well-known photosensitizer 20:294. Tmidazoles, which
include IC, are BrC compounds formed as products from the multi-phase chemistry of glyoxal and ammonium

5,10,123

sulfate (AS) in aqueous aerosols Glyoxal is an important oxygenated volatile organic compound

(OVOCQ) originating from the oxidation of predominantly biogenic precursors. CA serves as a proxy for

non-absorbing highly oxidized and functionalized secondary organic compounds in the atmosphere, which

289 Tn solution, CA takes up or releases water gradually without phase

246,255

are also ubiquitous in marine air
change over the whole range of relative humidity (RH) values studied here

In this work we quantify the effect of bromide and iodide on the HOs production from IC photochemistry
and evaluate the iodine activation coming from the consequent condensed phase radical reactions by means
of Coated Wall Flow Tube (CWFT) experiments. We measured the iodine and HO; release from films loaded
with IC, CA and bromide or iodide while irradiating with UV light. Finally, we discuss the relevance of our

findings for atmospheric sea spray aerosol.
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4.3 Experimental section

4.3.1 Experimental description

The setup to indirectly detect HO2 production in an irradiated laminar coated wall flow tube (CWFT)
by scavenging HOy with an excess of nitrogen monoxide (NO) has been described in detail in our previous
work 120 and in the SI (Fig 4.5 and 4.6). Tubes (1.2 cm inner diameter, 50 cm long, Duran glass) coated with
mixtures of IC/CA/NaX were snuggly fitting into the temperature and relative humidity controlled CWFT
as inserts surrounded by 7 fluorescent lamps (UV-A range, Philips Cleo Effect 20 W: 300 — 420 nm, 41 cm,
2.6cm o.d., see SI Fig. 4.4). The flows of Ny and Os were set at 1 L/min and 0.5 L/min respectively. The
NO concentration (5 — 10 ml/min of a mix of Ny and NO at 100ppm) was always high enough (1 —2.5 x 10*3
molecules per cm?) to efficiently scavenge 99 % of HOy produced by the films within 20 — 50 ms and thus
far less than our residence time of 2 s. NO was measured by a chemiluminescence detector (Ecophysics CLD
77 AM). For experiments with bromide we can assume that the concentration of bromide did not change
over the time scale of our experiments and, therefore, the system was in steady-state under irradiation. On
the other hand, the concentration of iodide decreased rapidly (within tens of minutes), since the iodine is
rapidly released into the gas phase, so we assessed the NO loss from the first few minutes of irradiation for
reporting HO2 production rates.

Halogen release into the gas phase was observed by converting all gas phase iodine compounds to 1505
following a procedure developed by Saunders et al.'®® Part of the flow from the reactor (0.1L/min out of
1.5L/min) was mixed with 0.2 L/min of O2/03 (1 %) and feeding this mixture into a quartz reactor with
0.07 s residence time, which is irradiated with a Hg penray lamp (184 nm) . The O2/03 (1 %) mixture was
produced by a discharge in pure O5 and quantified with a photometric ozone analyzer. All iodine compounds
are readily photolyzed and oxidized to 1505, which polymerized and produced particles via homogeneous

nucleation 172190,

The mass of the I,O5 particles was determined from measuring their size distribution
with a Scanning Mobility Particle Analyzer (SMPS) consisting of a home-made differential mobility analyzer
(DMA, 93.5 cm long, 0.937 cm inner diameter 1.961 outer diam.) and a Condensation Particle Counter
(CPC, Model 3775). 1505 particle density was assumed to be 2.3 4 0.3 g cm~2 following Saunders et al. 1%
We were confidently able to measure particles < 20 nm in diameter (Fig. 4.7). This method does not
distinguish between iodine and any other volatile iodine compound, which can be oxidized up to Is05. HOI
might be produced in the films by oxidation of halide radicals or molecular halogen. We rely on our proposed
mechanism (Figure 4.1) and assume that iodine activation is dominated by production of I.

Aqueous solutions containing halides (10~% M, 107 M and 0.01 M for iodide and 10~° M and 0.01 M
for bromide) were prepared beforehand. For each experiment, 76.6 mg of CA and 4 mg of IC (2.5 mg of
IC for the experiments measuring iodine release) were dissolved in different volumes of a halide solution in
order to get different halide concentrations in the films. This solution was deposited in the glass tube while
rolling and turning the tube in all directions at room temperature under a gentle flow of No humidified to
the RH later used in experiments. This procedure is necessary to ensure homogeneous thin films. Freshly
prepared solutions were used to prepare the films. Concentrations in the film were 6M for CA, 0.7 M for 1C,
between 108 M and 0.01 M for iodide and between 10~* and 0.01 M for bromide (0.4 M of IC and 33mM of
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iodide for iodine release measurements) at around 35 % RH at 20°C. These were calculated assuming that
the water content in the film was controlled by the hygroscopicity of citric acid only, as parameterized by
Zardini et al.?46

Chemicals The chemicals used were imidazole-2-carboxaldehyde (> 99 %, Aldrich), citric acid (Fluka),

sodium bromide (Sigma-Aldrich) and sodium iodide (Sigma-Aldrich).

4.4 Results

4.4.1 HO, production, scavenging and release

Figure 4.2 presents the HO5 radical release in the CWFT as a function of halide concentration from films
loaded with 4 mg of IC and 76.6 mg of CA and 0.7 — 70 ug of sodium bromide or 1073 — 300 ug of sodium
iodide, which equate to 10* — 1072 M of bromide and 107 — 3 x 1072 M of iodide, respectively. Error
bars are the standard deviation of several measurements in the same film. For iodide just two measurements
were made for each film, since iodide is consumed rapidly, while for bromide we made 4 — 6 measurements
for each film. Experiments employed constant IC and CA concentration at 0.7 M and 6 M, respectively. For
comparison, HOs production for the IC/CA system without any halides is shown as the blue solid line in
Fig. 4.3.

The observed HO, production and release is enhanced from 10~7 M of iodide and 10~* M for bromide,
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Figure 4.2: HO» release at 34 % RH from films with 4 mg of IC, 76.8 mg of CA and various concentrations of bromide
(red) and iodide (black). Error bars indicate the standard deviation of between 2 — 6 measurements in the same film.
The blue line and dashed blue lines indicate measured HO2 production and uncertainty, respectively, from IC and
CA films with the same concentration but in absence of halides. Solid lines are fits using the model described in the
text below.
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Table 3: Chemical reactions and the corresponding rate coefficients of halide and HO; radical chemistry 319,
Ne° Reaction Rate coefficient (X=Br) M~ T s~ ! Rate coefficient (X=1) M~1 s~ 1
R1 c M 1o 1x1073
R2 IC3* + 0y — IC + 102 3x10°
R3 IC3* — IC 6.5x10°
R4 1C3* + CA — ICH + CA- 90
R5 IC3* + X~ — IC™ + X 6.27x 106 5.33x10°
R6 ICH + Oy — IC + HO, 1x10°
R7 HO, + HO, — H202 8x10°
RS X~ +X — X, 9x10° 1.1x1010
R9 X, + X — X5 3x10° 8.4x10°
R10 X +X — Xg 1.9x10° 1.9x1010
R11 X2+ X~ = X5 2.7x10%¢ 768
R12 HO, + X* — O3 + HX 1.8x10%

R13 HO, + X, — 02 + HX 1x10®
R14 HO, + X~ — HO; + X» 9.1x107 4x10°
R15 HO, + X — HO; + X;~ 1.5x108 5x107
R16  HO, + X; — X~ + HO; + X, <1x107

%Equilibrium constant (M~1)

which implies a faster rate coefficient for the scavenging of IC triplet by iodide than for bromide and the
subsequent increase of the ketyl radical production. Tinel et al.?™® measured the rate coefficients between
the triplet state of IC and bromide and iodide as 5.33 x 10° M~! s~! and 6.27 x 106 M~! s~!, respectively.
The difference is roughly three orders of magnitude. This is in agreement with our results since the ratio of
the concentrations at which iodide and bromide provide faster ketyl radical production and thus faster HO4
release than CA alone (10~ M for iodide and 10~* M for bromide) is comparable to the ratio of these two
rate coefficients.

After the oxidation of the halide ion by the triplet state, a cascade of fast reactions takes place leading to
the production of X5~ and molecular halogens (X3). Most of these species, including the molecular halogen
compounds, react rapidly with HOs (Reaction 5 — 9 in Table 3) leading to the drop of the HOy release
at higher concentrations of halides (higher concentrations of halides induce higher concentrations of halide
radicals). Additionally HOy radicals also react with each other meaning that this scavenging pathway is
more relevant at high concentrations of halides, where more HOg is produced (8 x 10> M~! s71) 16,

The HOs scavenging reactions shown in Table 3 are faster for iodide species than for bromide species
which induces a suppression of the HO, release at lower concentrations of iodide than for bromide. In this
way, HO5 is mostly scavenged before being released into the gas phase for films with concentrations of iodide
above 1073 M. The ratio of the rate coefficients of the triplet with iodide and bromide is higher than the
ratio of the rate coeflicients of HOs with iodide and bromide. We suspect that this is the reason why the
HO; release drops faster with concentration for bromide than for iodide.

A steady state kinetic model was developed treating IC photochemistry in our recent work??#, where

we estimated the HO release from films of IC/CA as a function of concentration of IC, relative humidity,
film thickness or additional triplet scavengers. In this study, we adapted that model, now including the

scavenging of the triplet state of IC by halides®™ (reaction 5) (instead of an additional organic donor) and
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the inter-halogen conversion reactions (8 — 11) as well as the set of HO5 scavenging reactions 12 — 16 (Table
3). We treated I and I3~ as the same species. Further details of the reactions and rate coefficients are given
in the SI. We found that the HO2 release was underpredicted at middle and high concentrations of halides.
We decided to keep the inter-halogen conversion reactions (8 — 11) at their literature values and tune the
HO, scavenging reactions 12 —16. To obtain reasonable model results, they were reduced as explained in the
SI. The model results allow us to assess the HO; release (Figure 4.2), and the efficiency in the cycling of the
radicals, which will be explained latter below. As apparent from Figure 4.2, important differences between
observation and best model output remain. However, we refrained from adding more and ill-constrained

processes and parameters to achieve better apparent fit.

4.4.2 JTodine activation

We performed very similar CWFT experiments in which the iodine release was measured as described
in the experimental section. The CWFT was loaded with 2.5 mg of IC, 76.6 mg of CA (6.5 % in molar
ratio) and 313 ug of Nal, corresponding to concentrations of 0.4 M, 6 M and 33 mM of IC, CA and iodide
respectively, and the iodine release into the gas phase at 34 % RH was followed uninterruptedly. The HO4
release was measured separately with a separate film under the same conditions and within the same range
of time. Figure 4.3 shows the release of iodine calculated based on the measurements of I,O5 particles by
the SMPS versus time. The profile of the release shows a peak after the first ten minutes of irradiation and

decays over the following 60 minutes until the release ceases. Figure 4.3 also presents the corresponding HO4
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Figure 4.3: Iodine release (black), produced by mixing the experimental flow with O3/0O2 as described above, and
HO; release (blue) into the gas phase versus time while irradiating a film in the CWFT loaded with 2.5 mg of IC,
76.8 mg of CA and 313 ug of Nal and equilibrated at 34 % RH. The blue arrow indicates the HO» release expected
for the film in absence of iodide.
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release versus time, which is entirely depleted in the beginning, as expected (see Figure 4.2) for the high
iodide concentration, and then increases until 90 minutes and then seems to tend towards a steady state
of 3 x 10'* molecules min~! ¢cm™2, which is the same as that measured in absence of iodide (blue arrow
in Figure 4.3). When comparing to Figure 4.2, the evolution of the HO5 release with time indicates that
most likely a drop in the iodide concentration from 33 mM to below 10~% M occurs. The maximum in the

iodine release was observed after several minutes of irradiation being about 5 x 102 molecules min~—! ecm™2.

L em~2 at the initial concentration of

The iodine release model prediction is around 10 molecules min~
iodide. The difference may be due to the fast initial drop of the iodide concentration and the fact that the
model is assuming steady state. The total integrated I505 mass measured over the whole observation period
corresponds to 70(£10) % of the iodide added to the film. The synchronized behavior of both releases (HOq
and Iy) indicates that iodide is significantly consumed after 100 minutes of irradiation and presumably most
of iodide is converted into molecular iodine. As indicated in the SI, we could not measure the mass from
particles smaller than 20 nm of diameter, so the mass calculated is a lower limit of the real mass released.
A possible alternative possible sink of halides in the films is the reaction of halide radicals (I' or I ) with
organics producing Org-X?2% or further oxidation of iodine to iodate but this is beyond the scope of our
study.

The efficiency of the iodine activation depends on the different competing processes occurring in the
P catalytic cycle and the ones involving halogen radical chemistry (Figure 4.1). Oxygen and halides will
compete for the triplet. Once the triplet oxidizes the halide, the radicals produced can be recycled back to
halide (recycling A) or produce the molecular Xs compounds bromine and iodine. These can be recycled
back to X5 (recycling B) or escape to the gas phase. For iodine, the model predicts around 50 % of halogen
atoms produced to be released to the gas phase as molecular halogen (40 % RH, Dyo, = 3.5x10712 c¢m?
s7!and Dy, = 2x10'% cm? s7!) indicating that the fate of around half of iodide radicals is the recycling
and the other half is leaving the condensed phase as iodine. This is the overall result of several competing
chemical processes. HO2, X' and X~ are competing for X', HOy and X" are competing for X5, and finally,
after Xy production, X, can diffuse out or react with HOy to produce X5 . Our model predicts that the ~50
% of the I radicals (I and I ) produced are recycled back to iodide (around 40 % for bromide) and these
numbers do not change significantly with RH. In addition, competition between the release by diffusion
and evaporation, and the reduction back to I is active. Based on the model, the efficiency in the release of
molecular iodine or bromine once they are produced is then about 90 — 95 % and > 99 % respectively.

Upon decreasing the diffusion coefficient by two orders of magnitude, the efficiency in the release of
molecular iodine or bromine once they are produced is then about 50 % and 97.5 % respectively. On the
other hand, upon increasing the diffusion coefficient by two orders of magnitude the efficiency in the release
of molecular iodine or bromine once they are produced is then about 97.5 — 99.5 % for iodine and almost
100 % for bromine.
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4.5 Conclusions and atmospheric implications

In this work we show the influence of halides on the photochemistry of imidazole-2-carboxaldehyde and
its oxidative capacity. Both iodide and bromide can increase significantly the HOs radical production in the
system IC/CA since the IC triplet scavenging reactions by them are several orders of magnitude faster than
the scavenging by CA (when [I7] > 1076 M then ki [I7] > kca[CA])273294. At the same time, the radical
species generated in the reaction with the triplet scavenge away the HOs produced preventing it to leave the
film and keeping the capacity to red-ox cycle with the halide species.

The concentration of halides in sea spay aerosol particles may go up to 107% M for iodide'94:290:291 and
8x1073 M for bromide?®*. At the sea surface many kinds of organic compounds are present, including
biomolecules, carbonylic and carboxylic compounds (DOM)37, which are uplifted together with sea spray

particles286:288,

Based on our results, halides are concentrated enough in atmospheric aerosol particles
to contribute to the radical production. CA is likely a reasonable proxy for oxidized secondary organic
compounds present in aerosol particles after some aging time. Primary organics present in nascent sea spray
particles or on the ocean surface may themselves scavenge triplet states with faster rates than CA and in
the same order of magnitude as iodide'!?.

First we calculate the iodine produced internally by reaction between triplets and iodide. Assuming a
concentration of 10719 M for triplet states in sea-spray particles, the first order iodine activation may get
2.5x10~7 M s~1. Taking the Henry’s law constant of ozone (Hop,) of 0.14 M/atm?2'2, a diffusion coefficient
of ozone (Do,) of 1x107!2 e¢m? s7! in a viscous organic particle®® and ko, /1- as 4.2x10% M~1 7129 the
ozone uptake coefficient would be 2.7x1078 (eq. 24) under the assumption that the reaction proceeds in the

reacto-diffusive regime.

v = 2 o (24)

Where Hop, is the Henry’s law constant, R is the gas constant, 7" is the temperature, wo, is the mean
thermal velocity of ozone, Dy is the diffusion coefficient, k,I)I is the rate coefficient of the reaction between
ozone and iodide (ko, ;- as 4.2x10° M~" s71) and [I]}, is the concentration of iodide in aerosol particles.
At 25°C, the mean thermal velocity of ozone is 318 m/s and therefore, for a gas-phase concentration of 100
ppb and a particle 500 nm in radius, the rate of uptake of ozone (U) (eq. 25) and potential iodine activation

will be 5.4x1078% M s~ 1.

S, wWo
0=y () 2 2
g V,) 4

Where Co, is the concentration of ozone in the gas phase and r is the radius of the particle. On the other
hand, when assuming that ozone is equilibrated in the particle at the atmospheric concentrations (100ppb)
the iodine activation will be 5.9x107° M s~!. We conclude that photosensitized iodine production is relevant
for aerosol sea spray particles containing chromophores under dry conditions or also low temperature when
the reactive uptake of ozone is slow due to low diffusivity of ozone in the particle phase. Under humid

conditions the activation via reaction with ozone may likely be more relevant. We noted the existence of
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Figure 4.4: Absorption spectra of IC (100 mM) and CA (from NIST Chemistry WebBook), irradiance spectrum of
the UV lamps used and solar actinic flux at 48° zenith angle.

a cycling in halide radical chemistry that shuts down the HOy chemistry and, simultaneously, prevent the
release of molecular halogens to the gas phase. Also, this cycling strongly depends on the diffusion properties
of the matrix, reaching a greater cycling efficiency when diffusion is low and lower efficiency when diffusion
is fast. Even so, the release is unlikely to be completely halted under a wide range of diffusion regimes and
a large fraction (50% — 100%) will be released. Based on the model predictions, we suspect that the same
processes are happening for bromide. De Laurentiis and co-workers suggested that excited triplet states
oxidize bromide faster than OH radicals in sea water 2. This conclusion, together with this work, highlights

the role of DOM in halide chemistry in atmospheric aerosol particles.

4.6 Supporting Information
4.6.1 Spectra

The absorption spectra for imidazole-2-carboxaldehyde (IC) and the citric acid (CA) are shown together
with the irradiance of the lamps used and the solar actinic flux for the surface of the Earth at 48° zenith
angle (Figure 4.4). The overlap between the absorption spectra of IC and the lamps spectrum is orders of
magnitude higher than the overlap between the absorption spectra of CA and the lamps spectrum. This

corroborates that the photosensitizers are the primary chromophores in the system.

4.6.2 NO loss and conversion to HO; production

NO was added to the gas flow in sufficient excess so that it acts as the scavenger for HOs. A clear
NO loss is detected upon switching on UV lights (Fig. 4.5) due to the release of HOy radicals into the gas
phase and reaction of NO with HO5 to form NOy and OH radical. OH is scavenged by NO to produce
HONO. The chemiluminescence detector was preceded by a HONO trap with an optional bypass, and a
molybdenum converter kept at 360°C, also with an optional bypass, to convert HONO and NO; into NO.
This configuration allowed determining NO, NOy, and HONO independently by differential measurements



4 CHAPTER 4 92

506

504

502

500 -

498

NO concentration (ppb)

496

494 T T T T T
0 10 20 30 40 50 60

Time (min)

Figure 4.5: NO concentration raw data from films with lamps on and off at 35 % RH and containing 4 mg of IC and
76.8 mg of CA with an iodide concentration of 1.3 x 107> M.

(Fig. 4.5 and 4.6). As in previous experiments!?", the ratio NOy/HONO was about 1.4. The presence of
HONO confirms that HOs was indeed the oxidant of NO, rather than another ROy species. The fact that
the ratio to NOs is less than one indicates that some of the OH radicals may be lost at the surface in spite
of the large NO concentration or that some HONO may decompose heterogeneously over the film or along
tubing downstream of the CWFT. NO was added with a third flow of 5 — 10 ml/min of 100 ppm NO in Ns.

The NO concentration during CWFT experiments was always in excess of 10'® molecule cm ™3 to efficiently

scavenge 99 % of HOy produced by the films within at most 50 ms (k; = 8 x 107'2 cm? molecule™! st at
298 K 126; tgg0, = -In(0.01)/(k1[NO]).
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Figure 4.6: NO concentration raw data to show NO loss with lights on and HONO trap in line, and w/o the
molybdenum converter, to allow differentiating between the NO loss resulting from the reaction with HO2 and the
secondary loss from the reaction with OH.
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Figure 4.7: Mass of 1205 particles produced from the I released for each particle size at different times. The shady
zone corresponds to the zone of the distribution we could not measure due to the limitations of the SMPS system.

The reaction between iodine and OH (k = 2.1 x 107! ¢cm?3 molecule™ s™!) can interfere with the reaction
between OH and NO just at high concentrations of iodide (> 0.001 M) when iodine concentration can reach

levels of 1 x 101 — 5 x 102 molecules cm 3.

4.6.3 1,05 particles measurements

The measurement of the mass of 1,05 was performed by using a Scanning Mobility Particle Analyzer
(SMPS) based of a home-made Differential Mobility Analyzer (DMA) and a Condensation Particle Counter
(CPC, Model 3775). The distribution is shown in Fig. 4.7 for different times. The SMPS as used was not

allowing us to measure particles below 20 nm of diameter.

4.6.4 Modelling

All reactions considered in the model and the corresponding rate coefficients are listed in Table 4. The
excitation rate (R1) was obtained by integration of the product of the spectrum of the UV lamps with the
absorption spectrum of IC (Figure 4.7). We took 1 as the intersystem crossing efficiency for IC, which is the

upper limit of intersystem crossing in triplet forming chromophores 26!

. The rate coefficient of the quenching
of the triplet (R3) by Oz was taken as an approximation from Canonica et al., 2000!?. The measurement
of R2 and the guess of R4 are explained in our previous work??*. The rate coefficients the of the reaction
between the triplet of IC and iodide and bromide (R5) were taken from Tinel et al.?”®. Maillard et al.?"
determined the rate coefficients of reactions between organic radicals and oxygen, finding values around
1—5x10° M~! s7!. Based on this study, we assumed a rate coefficient for the reaction between the ketyl
radical and Og (R6) to be 10° M~! s71. The rate coefficient of the reaction of HOy with itself (R7) was
taken from Bielski et al.'® We considered the reaction between HO; and X' with rate coefficients as given
in the literature. We took the rate coefficients of the reaction R8 — 10 given in Table 3 available in the

14,17,19

literature from several references , and we kept them fixed. We took the rate coefficients available in

the literature of the reactions involving halide radicals and HOy (R11 — 14) and we used them as a first
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Table 4: Chemical reactions and the corresponding rate coefficients used for the model.

Reaction number Rate coefficient Reaction Rate coeff. (M—T s~1) (Br/I)
R1 kio c M, o3 1x103a
R2 ko 1Cc3* — IC 6.5x10°
R3 k3 1C3* 409 —— IC + 10y 3%x10°
R4 kca IC3* + CA — ICH + CA- 90
R5 khal IC3* 4+ X~ — ICH + X 6.27x10%/5.33x10°
R6 ke ICH + Oy — IC + HO» 1x10°
R7 k:HO2 HOs + HO2 —— H20O9 8% 105
RS kx1 X 4+ X7 — Xo' ™ 9x107/1.1x101°
R9 kxo X + X7 — X377 /X2 8.4><109/8.4><109
R10 kxs X +X — Xo 3x102/1.9x1010
R11 kscavi HO; + X° —» O2 + HX 8x103 /4% 108
R12 kscav2 HO2 + X2~ — O2 +2X~ + HT 8x103/4x 108
R13 Escav3 HO;, + X2 — HO; + X, 8x103 /4% 106
R14 Kscava HO; + Xo — HO,; + X, 8x10%/4x106

@Assuming intersystem crossing of 1 for all of them (measured for BPh 26!

guess . We assumed that the rate coefficient of the reaction between HO5 and I' and the reaction between
HO> and I to give O and iodide are equal to the one of the reaction between HO2 and I3 to give HO; .
We considered the rate coefficient of the reaction between Bro ™ and Br' equals the one of the self-reaction
of Br'. We assumed that X5 has the same reactivity as X.

We observed that our model was underpredicting the HO5 radical release at middle and high concentra-
tions of halides (1075 — 10~! M). Therefore, to obtain reasonable model results we reduced the values of
the rate coefficients of scavenging of HO5 by halide radicals (R11 — 14) making them equaled to each other.

There is evidence that hydrogen bonded transition states are involved in proton coupled electron transfer2!®

218 Therefore, scavenging reaction of HO, radicals can decrease sub-
2 571, The

discussion about the diffusion coefficient of HOy (Dyo,) can be found in our previous work?4. Assuming

and hydrogen abstraction reactions

stantially in an organic matrix at low water water activity. DHO; was set to 3.5 x 1072 cm

that D is inversely proportional to the radius of the diffusing molecule (Stokes-Einstein, eq. 26), we made a
prediction of Dg,, and Dr,. We set Duo, to 3.5 X 10712 em? s71, Dgy, to 3 x 10712 cm? s~ 1 and Dy, to

2 x 10*2 cm? s~ L.
kT
D= ( B ) (26)
6mnr

Equation 26 shows the Stokes-Einstein relation where D is the diffusion coefficient, kg is the Boltzmann

constant, T is temperature, n is viscosity and r is the apparent radius of the molecule that diffuses. As in

k 294

our previous wor , we defined the release due to diffusion (kqig) as:

D
haiss <Filmthickness > -

We set the differential equations shown below based on the mechanism (Table 4) and took the rate

coefficients described above. We calculated the concentration of the different chemical species and the
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production and release of HO5 for several conditions assuming steady state.

(duf*]) = k1c[IC) = kolIC™] = ks[O][IC*] = koalIC™)[CA] = knat X TJ[IC™] = 0

<dV§;H]> = kealIC™][CA] + knatlIC*][X ] — ko[Oo][ICH] = 0
L rolIC)
[1C%] = ko + k3[Os] + krc/ca[CA] + kpr [DH]|
[ICH] = k1c/calIC%][CA] + kna[IC*][X 7]

k6[O2]

(d[HOg]

i ) = k[O2][ICH] = 2k 0, [HOs)* = (Kseant [X J[HO2] = (Kscavs + Kscavs)[X5 |[HOs]

— kscava [ X2][HOs| — kaips[HO2] =0

(X) = Rt 1O X ] — kan [X X ] — kgl X)Xy ] — 2esal X P2 — oo [X]HO)

+ kscan[Xéi] [HOQ] =0

(d[X2}> = kml[X][X_] - kx2[X][X27] - (kscan + kscavS)[Xéi][HOﬂ + kscav4[X2HH02] =0

<d[X2]> - km3[X.]2 + kr2[XHX2_] + kscav2[Xé_HH02] - kscav4[X2HHO2] - kdiff2[X2] =0
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(34)

(35)






5 CHAPTER 5 97

5 Chapter 5

Influence of humidity and iron (III) on
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5.1 Abstract

The absorption of solar actinic radiation by atmospheric secondary organic aerosol (SOA) particles drives
condensed-phase photochemical processes, which lead to particle mass loss by the production of CO, COa,
hydrocarbons, and various oxygenated volatile organic compounds (OVOCs). We examined the influence of
relative humidity (RH) and Fe(III) content on the OVOC release and subsequent mass loss from secondary
organic aerosol material (SOM) during UV irradiation. The samples were generated in a flow tube reactor
from the oxidation of limonene by ozone. The SOM was collected with a Micro Orifice Uniform Deposit
Impactor (MOUDI) on CaFy windows. To selected samples, a variable amount of FeCly was added before
irradiation. The resulting SOM samples, with or without added FeCls, were irradiated with a 305 nm
light-emitting diode and the release of several OVOCs, including acetic acid, acetone, formic acid and
acetaldehyde, was measured with a Proton Transfer Reaction Time-of-Flight Mass Spectrometer (PTR-ToF-
MS). The release of OVOCs from photodegradation of SOM at mid-values of RH (30 — 70 %) was 2 — 4
times higher than under dry conditions. The release of OVOCs was slightly enhanced in the presence of low
concentrations of iron (0.04 Fe molar ratio) but it was suppressed at higher concentrations (0.50 Fe molar
ratio) of iron indicating the existence of a complicated radical chemistry driving the photodegradation of
SOM. Our findings suggest that the presence of iron in atmospheric aerosol particles will either increase
or decrease release of OVOCs due to the photodegradation of SOM depending on whether the relative iron
concentration is low or high, respectively. At atmospherically relevant RH conditions, the expected fractional
mass loss induced by these photochemical processes from limonene SOA particles would be between 2 and 4
% of particle mass per hour. Therefore, photodegradation is an important aging mechanism for this type of

SOA.

5.2 Introduction

Organic compounds constitute a substantial fraction of atmospheric aerosol particles. They are present

at an overall mass concentration that is comparable to that of major inorganic species such as sulfates,

208

nitrates, sea salt and mineral dust components<"°. These organic compounds come from primary organic

aerosol (POA), which is emitted directly by various sources, or from secondary organic aerosol (SOA),
which derive from by reactions of volatile organic compounds (VOCs) with oxidants?°®. The distinction
between the primary and secondary particles blurs as particles are aged by physical changes, such as gas-
particle partitioning, particle coagulation or phase transitions within particles, and chemical processes such

7

as reactive uptake of gas-phase oxidants by the particles®”. Recent studies have shown that multiphase

chemistry and photochemistry may significantly contribute to aging and particle growth67:6%:120,

Particle phase photochemistry contributes to aerosol aging by multiple mechanisms. Energy-transfer

10,70,71

or charge-transfer reactions driven by triplet states of organic compounds , photolysis of nitrate and

nitrite resulting in free radicals”?, photochemistry of iron carboxylate or free iron?°, and photolysis of

73,7 are some of the examples of these processes. The condensed-phase photochemical reactions

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

resulting from photo-induced fragmentation or oligomerization of SOA compounds into more or less volatile
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79,80 The direct photolysis of organic compounds® or the secondary oxidation by HO, radicals

products
(HO5 and OH) deriving from photolysis®® explain the mass loss or decrease in particle size as well as the
VOCs release observed in several studies related to photochemical processing of SOA 27390 For example,
in our previous work we have shown that secondary organic material (SOM) is efficiently degraded by
exposure to UV radiation producing CO, CO,, small hydrocarbons™. as well as various oxygenated VOCs
(OVOCs) 299301302 (Tny this paper, we are using “SOA” to refer to airborne particles, and “SOM” to the
material formed by collecting bulk quantities of SOA particles on a substrate.)

It has been well established that SOA particle viscosity depends strongly on RH '1:64199 Related to that,
RH has a strong influence on diffusion-limited processes in SOA particles such as uptake or evaporation of
chemical compounds or chemical reactions. For example, Ye and coworkers3’® found that SOA particles
from toluene oxidation resist exchange of semivolatile compounds at low relative humidity, but lose that
resistance above 20 % RH. Shiraiwa et al.® showed that the uptake coefficient of ozone to protein films
varies with relative humidity due to the increase of the ozone diffusion coefficient with RH. Similarly, Steimer
et al.?!? demonstrated a strong relationship between the steady state reactivity of ozone with shikimic acid
and the estimated diffusivity of ozone as a function of relative humidity. Slade and Knopf showed that
increasing RH enhances the OH uptake in levoglucosan particles due to the faster diffusion3°*. RH also is
a key parameter controlling the rate of evaporation of OVOCs from SOA particles as shown by Yli-Juuti

et al30°

. The RH was found to influence the photodegradation of 2,4-dinitrophenol through its effect on
viscosity in several types of SOM including that generated by oxidation of d-limonene by ozone?°6:247 They
observed a faster photodegradation at high RH due to the increase of the efficiency in the second-order
degradation reactions, which are likely to be affected by the diffusion limitations of the excited state, and

therefore, by the viscosity 247

. Global atmospheric chemical models should take viscosity dependence into
consideration because aerosol particles can be liquid, semisolid or solid depending on the latitude, altitude
and conditions as predicted by Shiraiwa et al.?'® Our first goal is to understand the effect of RH on the
photodegradation of SOA compounds. The results suggest that the photodegradation rate estimates based
on previous measurements under dry conditions may be too conservative2??.

Tron is emitted into the troposphere as minerals, as amorphous hydroxides, such as Fe(OH)s5, adsorbed
on clay minerals, organic matter, or carbonaceous particles or bound in salts. It may be released from

94,138 Digsolved iron

the particulate form by complexation or acidic dissolution into the aqueous phase
is present in the atmosphere in two oxidation states, (II) and (IIT), which interconvert by various redox
processes. Depending on chemical parameters such as ionic strength, pH and concentration of involved
compounds, iron is present in the form of complexes with the organic and inorganic compounds in the
aerosol particles and cloud droplets®*. Some of these complexes have strong ligand-to-metal charge transfer
(LMCT) bands in the UV and visible ranges of the solar spectrum. Excitation of these LMCT bands in
Fe(IIT) complexes leads to photoreduction of iron to Fe(IT) and decomposition of the ligands by free radical
chemistry. Fe(IlI)-carboxylate complexes are well-known photoactive compounds in atmospheric aerosol
particles which drive LMCT reactions leading to the decarboxylation of the ligands, being the major particle
phase sink of carboxylate groups in the atmosphere?’. The degradation of the carboxylic groups is followed

by the production of OVOCs and CO» %168 which contribute to the particle mass loss. Iron can cycle
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between Fe(II) and Fe(IIT) through HO, radicals and HoOg chemistry due to several redox reactions ™ such
as Fenton reactions. Figure 5.1 shows the key processes involved in photochemistry of SOM, which produces
OVOCs, by direct photolysis or reactions with HOy radicals, the iron redox chemistry with HO, radicals
and HyO5 and the photochemistry of iron carboxylates, which produce additional OVOCs.

A number of studies have provided evidence for the photochemical reactions between soluble iron and
organic compounds found in atmospheric particles. Wentworth and coworkers used IR spectroscopy to
demonstrate that complexes of Fe(III) with gallic acid can be photolyzed, degrading gallic acid to quinones
and further to OVOCs3%. It has been found that the reactive uptake of glycolaldehyde can be induced
by OH radicals produced by Fe(III) oxalate complex photolysis. At the same time, the degradation of iron

complexes produces enough OVOCSs to prevent aerosol growth by uptake of glycoaldehyde307:308
p p g p g y up gly y

, showing
competition between accretion and fragmentation. Styler et al3%® showed that mineral dust particles doped
with oxalate can release CO5 by photolysis, mediated by LMCT, of Fe(I1I)-oxalate complexes. Weller et al2°
found that the photolysis of Fe(III) carboxylate complexes, such as iron oxalate, pyruvate or glyoxalate, is
a significant source of HOy radical production and the main sink of carboxylic acids in aerosol particles.
The second goal of this work is to study how the presence Fe(III) influences the OVOC release from SOA
particles. SOA produced by oxidation of VOCs contain hundreds of different compounds, and some of them
may have strong affinity for dissolved Fe and also form complexes with it. The compounds in SOA are known
to slowly photodegrade in the presence of UV radiation releasing OVOCs, such as formic acid, acetic acid,
acetaldehyde and acetone???. Our initial hypothesis was that the photodegradation rate would be enhanced
because of the LMCT transitions in complexes between Fe and SOA compounds. In fact, an enhancement

of the OVOC release was only observed for low Fe(III) concentrations in SOA, but the photochemistry was

H;0,

HO,
RCO,Fe(III) 0,
RCO,H TT
COZ co
2 + ‘R
Fe2+
0,
ROO* OH~
. Condensed ROO™
Air phase OH™ + OH"
H02 HZOZ
Z

ovoc «——— 0voC

HO, SOM
0,
SOM

ﬁ/ hy

Figure 5.1: Chemical mechanism of photolysis of SOM mediated by iron photochemistry and radical chemistry
coupled with iron cycling induced by HOx radical chemistry.
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actually suppressed at higher Fe(III) concentration demonstrating a potentially complicated role of Fe(III)
on SOA photochemistry.

5.3 Experimental Section

SOA was generated by oxidation of d-limonene (Sigma-Aldrich, 98 %) with ozone in a ~ 20 L Plexiglas
flow cell in the absence of seed particles. Pure oxygen at 0.5 L/min was sent through an ozone generator
and into the flow cell. Limonene was evaporated in a separate 4.5 L/min air flow using a syringe pump
at 25 pL/hour liquid flow rate. The flow of air containing limonene was mixed with the O3/02 flow at
the entrance of the flow cell. The starting mixing ratios of ozone and limonene were about 20 ppm and 10
ppm, respectively, and the reaction time in the flow cell was about 4 min. Particles were collected with a
Micro-Orifice Uniform-Deposit Impactor (MOUDI, MSP Corp. model 110-R) equipped with custom-made
metal supporting rings to accommodate 2.54 cm diameter CaFs windows as substrates instead of Teflon
or foil filters. We typically collected hundreds of micrograms of SOM per window; the largest amount was
typically found on stages 8 (0.18 — 0.32 pm particle size range) and 9 (0.10 — 0.18 um particle size range).
The window was then placed in a laboratory oven overnight at 40 C with ~ 10 L/min of purge air flowing
over it in order to drive off higher volatility species and help anneal the collected SOA particles into a more
uniform SOM film on the window. For the RH dependent experiments, we used the sample immediately
after annealing without further adjustments. For the experiments with variable amounts of Fe(III), a certain
volume ranging from 50 pL to 2000 pL of a solution of FeCls in water (0.001M, pH = 5) was dropped on the
window surface, and the sample was placed again in the laboratory oven overnight under the same conditions
as before. For larger volumes from 1000 pL up to 2000 uL, the solution was applied in two additions to avoid

spilling over the edges of the window. For volumes lower than 500 pL, an additional droplet of water was

Limonene
FLOW TUBE
Air ° ° ° o
° [ ] [ ]
0,/0; =>—— o o 0 %0 J, MouDI
UV LED = = :|,
-~ CaF,
VOCs windows
PTR-ToF-MS |€————— - €—— Anneal [€—

+ FeCl,

P Y1)

Figure 5.2: Diagram illustrating SOM preparation and UV exposure steps. SOA particles are produced by mixing
a flow of air and O2/03 with limonene in a flow tube. The particles are collected on CaFy windows located in a
MOUDI, and the particles are annealed. FeCls is added for the iron content dependence experiments. After annealing
at 40°C, samples are irradiated with a 305 nm UV-LED, and the OVOCs released are analyzed by a PTR-ToF-MS.
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added up to 500 uL to be sure that the solution covered the entire window. For the control experiments, 500
uL of nanopure water was used instead of the Fe-containing solution. The addition of liquid resulted in a
redistribution of SOM on the CaFy window, resulting in a reduction in the film thickness in the center and a
build-up of the material on the edges. The material was redistributed due to an outflow created within the
droplet while it was evaporating due to the different evaporation rate in the edge compared with the one on
the top of the deposited droplet3!?. Because the CaF, window was always fully covered by the deposited
droplet, we assume that the fraction exposed to UV light was always the same for every experiment and
that the ratio Fe(III)/SOM is homogeneous through the sample after drying. Experiments with identical
conditions of Fe(III) concentration, irradiation and RH did not indicate a dependence of OVOCs release on
the volume of solution used to deposit Fe(III). The window was then placed into a custom-made glass flow
cell with 0.2 L/min of purge air flowing over the window. A UV-light emitting diode (Thorlabs, Inc. model
M300L4) with a wavelength centered at ~ 305 nm, a full width half-maximum of ~ 10 nm, and a power of
26 mW at 350 mA current (measured with a Coherent Powermax PS19Q power sensor) was used to irradiate
the particles on the CaFs window. For the experiments with variable iron content dependence, the exposures
to UV light were made either under dry air conditions or at 55 + 2 % RH (measured with a Vaisala HMP330
humidity probe). For the experiments related to the RH dependence of SOM decomposition, in which no
Fe(III) was added to the SOM sample, we exposed SOM to UV radiation under a wider range of RH values
(Fig. 5.2).

OVOCs in the flow exiting the photolysis cell were detected by a Proton Transfer Reaction Time-of-
Flight Mass Spectrometer (PTR-ToF-MS). The PTR-ToF-MS was calibrated with respect to several OVOCs,
namely acetic acid, formic acid, acetone and formaldehyde by injecting known amounts of these compounds

in a 5 m® chamber, similar to a procedure described in Malecha and Nizkorodov?29.

For experiments
at different RH the signal was normalized to take into account the RH dependence of the ion detection
sensitivity. Specifically, we evaluated the variation of the ionizing agents (H3O% and HzO1(H0)) with
respect to the experiments at dry conditions and we normalized the signal to those. We took into account
the different reactivity that the two ionizing agents have with the VOCs3!1:312. Additional details are

provided in the SI section.

5.4 Results and discussion

Figure 5.3 shows PTR-ToF mass spectra of the air passing over the SOM before and during the UV irra-
diation. Upon irradiation, certain peaks increase indicating the production and release of the corresponding
compounds from SOM. The major peaks that increase are detected at m/z 43.055 (ketene, ethynol, or
oxirene), m/z 45.034 (acetaldehyde), m/z 47.013 (formic acid), m/z 59.050 (acetone, propanal, or allyl
alcohol) and m/z 61.029 (acetic acid, glycoaldehyde, or methyl formate). Because of the inability of PTR-~
ToF-MS to distinguish structural isomers, the assignments cannot be made with certainty. However, because
of chemical considerations about the possible mechanism of degradation, the m/z 45.034, 47.013, 59.050, and
61.029 peaks are assigned to acetaldehyde, formic acid, acetone and acetic acid, respectively. The peak at

m/z 43.055 is likely a fragment of acetic acid®!3. Photolysis processes such as bond cleavage into free rad-
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icals, photoisomerization, H abstraction or photosensitization®”, together with HO, radical reactions, are
the processes controlling the OVOC production. For example, acetone could be a product of degradation
by Norrish type-II mechanisms, i.e., splitting of methyl terminated ketones. Acetic acid and formic acid
could be produced by direct photolysis or by reaction of organics with HO4 radicals, which will react with
organics by hydrogen abstraction and oxidation reactions, which can lead to the cleavage of carbon chains.
Additionally we rely on the LMCT reactions of iron complexes as additional source of COy and OVOC by
decarboxylation and further degradation of the organic radicals initially produced.
Effect of RH on samples without added Fe(III)

Figure 5.4a shows the signal of acetaldehyde normalized to the maximal steady-state signal achieved during
irradiation. The signal was also normalized to the total mass of each sample. The release of acetaldehyde
levels off after about 15 minutes for dry conditions but the time needed to achieve the steady state becomes
shorter for the experiments at higher RH (4 minutes for 70 % RH). We attribute this faster time to establish
steady state release of acetaldehyde at higher RH to an increased diffusion coefficient for acetaldehyde
through SOM. The increased diffusivity would be caused by the decrease of viscosity with increasing water

264 and limonene 247

content in the film. Indeed, the viscosity of SOM prepared by oxidation of alpha-pinene
has been shown to decrease with RH. The reported self-diffusion coefficients in SOM change widely with
RH 64199 going from 10722 — 1072° cm? s! at dry conditions to 1072 — 10~7 em? s™! at high RH while

2 571 at dry conditions

the diffusion coefficient of water in alpha-pinene SOA varies from 107! — 10719 cm
to 1078 — 1075 cm? s~ at high RH.
Figure 5.4b shows the dependence of release of several OVOCs on RH corrected for the RH-dependent

ionization efficiency in the PTR as described in the SI. The signal is normalized by the total mass of the
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Figure 5.3: PTR-ToF-MS stick spectra of the OVOCs released from SOM before (red) and during (black) irradiation.
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SOM and multiplied by the total gas flow through the sample in order to correct for the different gas flows
used in different experiments (so the magnitude of the normalized signal is proportional to the OVOC flux
out of the material). The data were taken from the time period where the release reaches the maximum
which was different for different humidity conditions, as shown in Fig. 5.4a. The release of every compound
shown in Fig. 5.4b increases with RH from 0 % to 40 — 55 % RH. There are two possible explanations for
this. Firstly, certain photochemical reactions are suppressed in viscous SOA, especially the ones involving
secondary reactions of long-lived electronically excited molecules?7. Secondly, since it takes OVOCs longer
to diffuse through the SOM at lower RH, the probability increases that they are degraded by secondary
free-radical driven reactions before they get out of the material. From 55 % RH to 70 % RH the rate of
OVOC release decreases by more than 25 %. This is attributable to a dilution effect: as the water activity
in the SOM increases the concentrations of all other reactants decrease. Previous research has shown that
oxygen solubility in organic solvents, such ethanol, propanol or carboxylic acids, is lower than in water 256,
Therefore, we assume that oxygen solubility also decreases upon increasing water activity meaning that HOy
radicals deriving from photolysis of SOM will be produced less efficiently since the precursor molecule (O2) is

less concentrated and subsequently OVOC production will be decreased. The decrease of the concentration
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Figure 5.4: (a) Signal of acetaldehyde normalized to the maximum of the signal for each sample upon irradiation

(shaded zone) at several values of RH. (b) Signal of OVOCs upon UV irradiation corresponding to the total OVOC

flux and multiplied by the flow in mL/min for SOM samples versus relative humidity (%).The error bars represent
the standard deviation resulting from 2 or 3 experiments.
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of reactants at higher humidity should result in a decrease of second order reaction rates. Thus, the OVOC
release is expected to get smaller with increasing RH. Similar dependence on RH, featuring a maximum at
certain RH level, was observed in the HO; release in previous work 20, We estimated the diffusion coefficient
of acetaldehyde at different values of RH based on the decay of its concentration in the flow after switching
off the UV light (Figure 5.5). We developed a kinetic multi-layer model by means of the diffusion equation
(Eq. 36), which provides a depth-resolved description of mass transport and release in films as a function
of time, dividing our film in 30 equally thick layers. A detailed description of the model is provided in the
SI. The diffusion is considered throughout the film by applying the diffusion equation to every layer. Since
the gas flow over the film is fast (on the order of hundreds of mL per minute), we assume that the gas phase
concentration of acetaldehyde next to the surface plays no role in the equilibrium between condensed and

gas phase. Therefore, the release is described as the diffusion into a gas layer, where the concentration is

negligible. We estimated the thickness of the sample assuming that the density of the SOM is 1.5 g/cm3314.
oC 0?C

=D 36

ot Ox? (36)

We optimized the values of the diffusion coefficients at different RH by fitting the release predicted by the
model to the observed decay of acetaldehyde after switching off lights as shown in Fig. 5.5a. We note that
the initial concentration profile in the film may change the release. Therefore, we tested the sensitivity of two
initial concentration profiles on the diffusion coefficient parameter to reproduce our data: i) uniform initial
concentration profile is flat throughout the film and ii) linear initial concentration profile where its maximum
concentration is at the bottom of the film and zero at the surface. The two initial conditions represent two
possible steady state concentration profiles during the irradiation. These two different scenarios should
provide a lower (i) and upper (ii) limits of predicted diffusion coefficients, respectively.

The trend of the calculated diffusion coefficients follows the expected trend, i.e., diffusion coefficients
increasing with RH. The calculated upper limit diffusion coefficients of acetaldehyde are two or three orders
of magnitude lower at low RH and four or five orders of magnitude lower at high RH lower than the
diffusion coefficients of water in alpha-pinene SOA measured previously by Lienhard et al.3'® The molecule
of acetaldehyde is larger than the molecule of water, so, based on the Stokes-Einstein equation, we would
expect water to diffuse only around two times faster than acetaldehyde. However, the Stokes-Einstein

316

equation performs poorly for molecules of this size>'®, so quantitative comparison is not possible. But as the

upper limit values for the acetaldehyde diffusion coefficients in Figure 5.5b are closer to the reported values
for water, they are probably more representative of the actual diffusion coefficients. The relative change of

D between 0 and 70 % RH is a factor of 2 — 3 while a range of about one or two orders of magnitude is

observed for Dy,o in SOA 315317
sucrose®8. A possible explanation for this would be that the steady-state profile of the concentration of

and a range of about 9 to 10 orders of magnitude is observed for Do, in

acetaldehyde in limonene SOA while irradiation is flat at low RH (lower limit prediction) and it will have a
gradient at high RH (upper limit prediction), leading to a range of D of about two orders of magnitude as
an upper limit. We also note that our analysis assumes that the acetaldehyde release is limited by diffusion

only, and not by reaction kinetics, which may not be completely true.
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Effect of added Fe(III)
Figure 5.6 shows the PTR-ToF-MS time-dependent signal of acetic acid released under irradiation under
dry conditions (a) and at 55 % RH (b). The signal was normalized by the initial dry mass of SOM on
the substrate (it was not corrected for the RH-dependent ionization efficiency because only signals at the
same RH are compared to each other). Different traces correspond to different mole fractions of added
Fe(III) (estimated assuming an average molar mass of 200 g/mol for SOM compounds). The release reaches
a maximum around 30 minutes after the start of the irradiation, and after that the release drops slowly,
and finally drops to the baseline level after several hours of UV exposure (not shown). At 55 % RH, the
maximum signal is reached earlier than under dry conditions because the diffusion of the OVOCs through
SOM is faster at higher RH, as discussed above, and the steady state release is reached earlier. The release
of other compounds (acetaldehyde, formic acid, and acetone) shows the same trend as acetic acid. Figure
5.7 shows the average of the normalized signal of the 4 OVOCs under dry conditions (a) and at 55 % RH
(b). To account for the faster appearance of the signal in humidified air, the averaging period is 2000 — 2500
s (33.3 — 46.7 min) for dry conditions, and 750 — 1000 s (12.5 — 16.7 min) at 55 % RH. Contrary to
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Figure 5.5: (a) Signal of acetaldehyde after irradiation background-subtracted and normalized to the maximum of
the signal for each sample upon irradiation (symbols) as a function of RH. Predictions by the diffusion model with
upper and lower limits for the diffusion coefficient are shown as dashed and solid lines, respectively. (b) Diffusion
coefficients predicted by the model for acetaldehyde as a function of RH, with the upper (blue) and lower (black)
limits shown as blue and black symbols, respectively.
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our expectations that the presence of Fe should accelerate photodegradation of SOM, there is a general
decreasing trend in the signal of OVOC photoproducts with the relative amount of added Fe. The trend
is not linear, however. At 55 % RH, the release of all OVOCs is higher for samples with 4 % of Fe(III)
compared to samples without added Fe. Above that fraction (and above 10 % for acetone and acetic acid),
OVOC release drops below that of SOM without Fe added. Then, at higher Fe(III) concentrations, the
release is strongly suppressed. Under dry conditions, acetic acid and perhaps acetone follow a similar trend
with a maximum emission at 4 % Fe(III), and decreasing at higher Fe(III) concentrations. For acetaldehyde
and formic acid there is a steady decrease of the signal as the Fe(III) concentration is increasing. At 55 %
RH, all species exhibit first increased release with increasing Fe(III) content, and then a decrease for higher
Fe(III) additions. We suspect that two competing effects maybe at work, one enhancing the OVOC release
al low Fe(IIT) concentrations and suppressing it at high Fe(IIT) concentrations.

The enhancement in the release of OVOCs at low Fe(IIT) concentrations may result from increased OVOC
production from the photolysis of iron carboxylate complexes likely produced after adding Fe(III) to SOM,
as illustrated in Figure 5.1. This is in agreement with the work of Hems et al.?'” which found that the OH
production from the photodegradation of SOA compounds by themselves is slower than the one promoted
by iron carboxylate complexes formed between iron and SOA material at low Fe/SOA ratio (~ 0.3 %). The

enhancement in OVOC release can be due to i) increase of the HOy radical production inside SOM and

Normalized signal (a.u.)

Time (min)
Figure 5.6: PTR-ToF-MS signal of acetic acid released upon UV irradiation for SOM samples versus time under
dry conditions (a) and at 55 % RH (b) with varying mole fraction of added FeCls. The shaded zone indicates the
irradiation time. Signals from different samples were normalized to the total mass of the sample.
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Figure 5.7: Peak intensities of signals from acetic acid, formic acid, acetaldehyde and acetone normalized to the total
mass of the sample for SOM samples versus Fe/SOA molar ratio under dry conditions (a) and at 55 % RH (b). The
error bars represent the standard deviation resulting from 2 or 3 repeated experiments.

ii) the direct photolysis of iron carboxylate complexes. Our experiments cannot differentiate between these
possibilities.

The decrease of the OVOC release at high iron concentration may be the result of the presence of in-
completely complexed Fe in the condensed phase, i.e., not with all coordination sites occupied by the SOA
carboxylic ligands. Instead of driving LMCT transitions, incompletely complexed iron could be cycling be-
tween Fe(IIT) and Fe(II) (Fig. 5.1) turning HOy radicals into water and oxygen and making them unavailable
to oxidize SOA compounds into OVOCs.

5.5 Conclusions and atmospheric implications

This work reveals that RH plays an important role in the OVOC release from SOA induced by photolysis
of the compounds presents in SOA. In the work of Malecha and Nizkorodov (2016)2%? they estimated the
emission of OVOC coming from the photolysis of several SOA under dry conditions and they predicted
that SOA particles may lose at least ~ 1 % of their mass over 24 hours during summertime conditions in
Los Angeles, California. We claim that, under more realistic humidity conditions (~ 50 %), the mass loss
experienced by SOA particles may be up to 2 to 4 times higher than what was estimated in the work of
Malecha and Nizkorodov???. We propose that all future photodegradation studies of SOA should be done
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under humid conditions to more accurately estimate the rate of mass loss from the particles. Based on the
analysis of the decay of the release signal after switching off lights, we suspect that OVOCs concentration
gradients can take place over a range of hundreds of nanometers in aerosol particles while photolysis and
persist for several minutes depending on the humidity conditions, nature of the SOM and nature of the
diffusing molecule. The diffusion coefficient of acetaldehyde in limonene SOA is in the range from 107!
to 10712 ¢cm? s~!. The second conclusion of this work is that iron influences the OVOC generation and
release during UV irradiation of SOA particles. For atmospherically relevant conditions of humidity and
iron content (up to 2 % of iron concentration), OVOC release will be slightly enhanced likely due to the
efficient photo-degradation of iron carboxylate complexes. The work of Wang et al.3?% indicates that the
iron can be highly concentrated in continental aerosol particles near the surface of the Earth. For instance,

3 (~ 0.8 —8 % in molar ratio

in Europe the observed concentrations of iron are between 0.1 — 1 pug m~™
in SOA). A study from Moffet et al. has shown that in urban outflow, all particles have organic matter
dominated by carboxyl functionalities, and, among them, 5 % contain detectable Fe!2. In the technique
they used, the detection limit was about 5 % of iron in molar ratio. Saharan dust, urban particles, coal fly
ash and oil fly ash contain iron in the range from 3 to 9 % of weight mass®*. The fraction of soluble Fe in
desert dust typically goes from values ~ 0.1 % to up to ~ 80 %321323, On the other hand, measurements
of dissolved iron in rural or urban atmospheric waters indicate concentrations ranging from 10~7 down to
10~ M. Overall, dissolved iron concentrations in aerosol particles vary broadly and range from micromolar
up to an upper limit of about 10 %. Our findings point out that OVOC production and release is strongly
influenced by iron in iron-containing particles, with the sign and magnitude of the effects being dependent

on the concentration and conditions.

5.6 Supporting Information

5.6.1 PTR normalization for different RH

The relative abundance of H3'80+ and H3O T (H20) in the PTR-ToF-MS ion source changes as a function
of RH (Table 5). The detect organics react at different rates with H3O" and with H3OT(H,0), making
their ionization efficiency RH-dependent. We define XR as the ratio between the reaction rate of an organic
molecule with H3O"(H20) and H3O". Xg is around 0.48 and 0.58 for acetaldehyde and acetone and in

311,312 We consider Xy to be 0.5 for formic

general is 0.5 for organics which do not contain aromatic rings
acid and acetic acid. Because we are only interested in relative concentrations, we normalized the signal

observed at different RH to what it would have been at 0 % RH:

(SHsoJr + XRSH30+(H20)) O%RH

Svoc(corrected) = Syoc(measuredat RH) X (37)

(Snso+ + XRSH,0+ (H20)) gy

We checked for the presence of ionic clusters between protonated organic molecules and water. For
formic acid, at 25 % RH and 40 % RH for the signal due to the [M+H+H2O]" cluster was 2 % and 3 %,
respectively, of the protonated ion [M+H]*. For the rest of the ions, the cluster contribution was below 1

%. Therefore, we do not take clustering into account because it does not affect the signal significantly.
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Table 5: Signal of H3'*OT (derived from the signal of H3180+) and signal of the H3O" (H20) measured at different
RH.

Relative humidity (%) Signal HsOT Signal H3O T (H20)
0 2.05x10° 8x10%
10 2.25%x106 1.2x10°
25 2.35x108 2.7x10°
40 2.35%10° 3.5x10°
55 2.25x106 1.5%10°
70 2.25x108 2x10°

5.6.2 Modelling

We developed a kinetic multi-layer model of release of volatile compounds from films that explicitly
evaluate diffusion and release of volatile compounds from the films to the gas phase, resolving concentration

gradients and diffusion throughout the film and release into the gas phase.
oc _ oC
ot Ox?

The bulk of the film is divided in n layers (numbered 1,2,3,...n) and m columns (numbered 1,2,3,...m)

(38)

as shown in Fig. 5.8 leading to a mesh of compartments. Each of these can compartments exchange mass
with the four adjacent ones. For our system we defined the concentration in the gas phase as 0, leading
just to release but not uptake. Another boundary condition was to make equal the concentration in the last

layer in the three edges to the concentration in the second last layer to be able to apply Eq. 38 in every

compartment:
Cgas Cgas Cgas Cgas Cgas
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Figure 5.8: Model compartments and layers in which the film is divided. The arrows represent the diffusion that
occur between different compartments. The dimension of the compartments is represented by dx.
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Clngy = Cn—1,7) (39)

for j=1,2,...m
Ciiny = C(i,2) (40)

fori=1,2,..n
Clim—1) = C(i,m) (41)

fori=1,2,..n

Following the diffusion equation Eq. 38, and assuming an initial profile, the mass transport is evaluated
in the film by applying Eq. 42 to every cell for a certain number of time intervals which length is defined by
dt:

Clinay = Cli,jut = 1) +dt x D x (C(i + 1,§,t — 1) + C(i,j + 1,6 — 1) — 4 x C(i, j,t — 1)+
Cli—1,j,t—1)+C(i,j—1,t —1))/dx/dz) (42)

We defined a system with n = 30 layers and m = 50 columns which led to a mesh of 150 compartments.
The time interval used for the predictions was 0.1 s extending the predictions up to 200 seconds. We
optimized the values of the diffusion coefficients (D) at different RH by fitting the release predicted by the
model to the observed decay of acetaldehyde after switching off lights as shown in the main text. We tested
the sensitivity of two initial concentration profiles on the diffusion coefficient parameter to reproduce our
data: i) uniform initial concentration profile is flat throughout the film and ii) linear initial concentration

profile where its maximum concentration is in the bottom of the film and zero at the surface.
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6.1 Abstract

Aerosol aging refers to oxidative processes that change the physical and chemical properties of atmospheric
aerosol particles via a variety of chemical and physical processes both in the gas and in the condensed phase.
These specifically also include several multiphase and heterogeneous chemical reactions. Photochemistry
can trigger aerosol aging within aerosol particles by promoting production of radicals and more generally
reactive oxygen species (ROS). The production of radicals leads to fragmentation, functionalization and
oligomerization of organic molecules present in atmospheric aerosol particles, which induces changes in the
physical properties such as viscosity and diffusion. We assess the contribution to aerosol aging initiated by the
photolysis and degradation of iron carboxylate complexes. We observed changes in the carbon functionalities
and in the iron oxidation state upon UV irradiation in single particles containing Fe(III) citrate by means
of Scanning Transmission X-ray Microspectroscopy (STXM) experiments. We observed the production of a
wide spectrum of compounds and their trend as a function of time upon irradiation in samples containing
Fe(III) citrate by means of HPLC-MS analysis, which corroborates our observations in STXM. We measured
the photochemical release of OVOCs (acetic acid, acetaldehyde and acetone) from mixtures of FeCit and CA
in a Coated Wall Flow Tube reactor for several conditions of iron content and relative humidity by means
of Proton Transfer Reaction Mass Spectrometry (PTR-MS). We suspect that oxygen diffusion limitation is
occurring in our experiments leading to an anoxic chemistry in the bulk. This may be extremely relevant
if it applies to atmospheric aerosol particles in general. We discuss the possible mechanism for some of the

major compounds observed.

6.2 Introduction

Aerosol aging involves many processes by which atmospheric aerosol particles change their physical and
chemical properties. An important set of contributions is related to oxidation processes driven by uptake
of reactive species from the gas phase, gas-particle partitioning of oxidized compounds, and chemical pro-
cesses initiated within the particle®321:22,68:324 = Aging driven by chemistry within the particle phase include

6668 or radical chemistry® The reactions that induce aging of organic

57

processes such as photochemistry
compounds can be separated into fragmentation, oligomerization and functionalization Over the past
years many studies have pointed out the importance of heterogeneous and multiphase chemistry in aerosol
aging 67 69,89,120,171,

Energy-transfer or charge-transfer reactions driven by triplet states of aromatic organic compounds

Particle phase photochemistry contributes to aerosol aging by multiple mechanisms.
10,70,71

20

photolysis of nitrate resulting in free radicals”?, photochemistry of iron carboxylate or free iron2°, and

photolysis of carbonyls73:74:325

are some of the examples of these processes.

Iron is the most abundant transition metal on Earth’s continental ground surfaces. It may get mobilized
from natural minerals or from anthropogenic materials and pollutants and incorporated into aquatic atmo-
spheric systems such as aerosol particles®25. Iron is emitted into the troposphere as minerals, as amorphous
hydroxides, such as Fe(OH)s, adsorbed on clay minerals, organic matter, or carbonaceous particles or bound
in salts. Its release into the aqueous phase may be driven by complexation or acidic dissolution®*'38. Iron

is well known to form complexes with organic or inorganic ligands, the stability of which depends on the
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Figure 6.1: Photochemical catalytic cycle of iron-carboxylate complex in a particle. Fel'ICA (iron citrate) is pho-
tolyzed leading to the reduction of iron to Fe?" and the decarboxylation of the ligand and the production of an
organic radical. The latter reacts with oxygen leading to HOx and a new stable molecule, which can further react
with HOy or by cycling with Fe**, leading to the decomposition to oxygenated volatile organic compounds (OVOQ).
HO, reduces Fe?t back into Fe®, which can be complexed again by citric acid.

pH, ionic strength and the concentration of ligands and iron®?.

Dissolved iron is present in atmospheric
aerosol particles mainly in the two oxidation states (II) and (III), which may interconvert by various redox
processes'2. Some of these complexes are photoactive and allow ligand-to-metal charge transfer (LMCT)
reactions. Iron-carboxylate complexes are well known photoactive complexes in atmospheric aerosol particles
where they drive LMCT reactions leading to a reduction of Fe(III) to Fe(II) and to the decarboxylation of
the ligand and further oxidation processes?*1%2. These degradation processes are a major sink of carboxylate
groups in the aerosol phase in the atmosphere and thus change the chemical composition and lead to the
release of volatile organic compounds (VOC)?2%:9%:168 Tt has also been suggested that this photochemistry
might be an important source of reactive oxygen species (ROS) in particulate matter 4169170 Apart from
the health concerns related to ROS, ROS such as HO; and OH radicals are key to assess the condensed
phase oxidative capacity in aerosols. The main sources of OH in aerosol particles are the reactions between
Fe(IT) or Cu(I) with HyOo (Fenton reaction), photolysis of nitrate and photolysis of the complex FeOH?**,
while phase transfer of OH from the gas phase plays a minor role?2. OH radicals react rapidly with organic
compounds in the condensed phase producing a broad spectrum of oxidized compounds 6269171,

The degradation of organic compounds by reactive uptake of OH has recently been studied in some

69,327 d%5171  Functionalization

aerosol particles containing organic compounds such as squalene , or citric aci
of the compounds in the condensed phase and a decrease in the particle mass due to OVOCs production
and release was observed. At low OH exposure, the oxygen content of the organics increases, indicating
that functionalization dominates, whereas for more oxidized organics the amount of carbon in the particles
decreases, indicating the increasing importance of fragmentation processes. Once the organics are moderately

oxidized (O/C = 0.4), fragmentation completely dominates, and the increase in O/C ratio upon further
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Figure 6.2: Spectrum of absorption of Fe(III) citrate and spectrum of irradiation of the lamps used.

oxidation is due to the loss of carbon rather than the addition of oxygen. The rate of degradation of CA
initiated by reactive uptake of OH was observed to increase with RH due to the higher uptake coefficient.
The catalytic cycle of Fe(III) carboxylate complexes is represented in Fig. 6.1 using iron citrate as
example. Initially iron complexes absorb radiation in the UV-VIS region and are thus photoreactive through
ligand to metal charge transfer reactions (LMCT)!%3  which is an inner sphere electron transfer from the
carboxylate functionality to iron. The Fe(III) carboxylate complex is initially excited to a long lived radical
complex 1647166 which can dissociate producing Fe(IT) and R-COO" radical. The further decarboxylation of
the ligand leads to the production of a carbon-centered radical, which reacts further with oxygen producing
a peroxy radical (ROj;) (in presence of Os). The peroxy radical may lead to production of HO5 and a
new stable carbonyl organic molecule (CRoC=0). HO4, as well as HoOy and OH further produced, can
re-oxidize Fe(II) to Fe(III) produced by consecutive iron oxidation steps, maintaining a catalytic cycle (in
Fe) and providing an additional OH source. The subsequent degradation of CReC=0 by HOy radicals or
iron photochemistry will lead to functionalization, oligomerization or fragmentation. The latter process leads
to production and release of oxygenated volatile organic compounds (OVOCs) (e.g., acetone) and mass loss.
If we take into account that oxygen diffuses in from the gas phase, two different cases may be considered

by comparing the diffusion and reaction rates?'6

. In the first case, the diffusion of oxygen is much faster
than the reaction rate with the reactant present in the bulk (organic radicals in our case), therefore oxygen
remains well-mixed over the entire bulk. The second case applies when oxygen diffuses slowly in comparison
with the rate of reaction between oxygen and organic radicals. If the second case applies, oxygen will not get
throughout the entire bulk and the chemistry may get anoxic from a certain depth in the bulk. The organic
radicals will tend to undergo intermolecular reactions or radical recombination. For organic mixtures RH
and temperature control the diffusion rate throughout the bulk 164,

The photolysis of Fe(III) carboxylate complexes leads to direct degradation by radical production and
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decarboxylation and additionally the HOy radicals produced radical-driven degradation. In this work we
assess the functionalization, fragmentation and oligomerization resulting from photochemistry of Fe(III)
carboxylate complexes. We carry out photochemical experiments within single particles containing Fe-Cit
and CA placed in an environmental cell in an X-ray microscope and we performed analysis of extractions
of films containing Fe-Cit and CA before and after irradiation with HPLC-OrbiTrap-MS. We assess the
OVOCs production by means of irradiating mixtures of FeCit and CA in a Coated Wall Flow Tube reactor
and analyzing the outflow with PTR-MS.

6.3 Experimental

STXM/NEXAFS measurements were performed at the PolLux beam line (X07DA) of the Swiss Light
Source (SLS) at Paul Scherrer Institute, Switzerland. The end station32?® provides a focused (35 nm)
monochromatic X-ray beam to perform chemically resolved imaging. Additional energy calibration of spectra
beyond the routine calibration of the beam line was done by comparing the measured lowest energy peak of
polystyrene with its literature value (285.18 eV)329. Raw data are converted from transmission to optical
density (OD) by using the LambertBeer law (OD = In(I/Tp)=du). Here u is the linear absorption coefficient,
d the thickness of the sample, I the transmitted light intensity through the particle and Iy the incident light
intensity. We measured X-ray absorption spectra at the carbon K-shell absorption edge (278 — 320eV) by
line scans and image stack mode, in which a series of images is taken at closely spaced energy steps, yielding
spatially resolved spectra3?. The step sizes for the present experiments were 0.6 eV in the range of 278 —284
eV, 0.15eV in the range of 284.2 — 292eV and 0.5V in the range of 292.5 — 320 eV, with a dwell time of 2 ms
for each energy. We measured X-ray absorption spectra at the iron L-edge absorption edge (700 — 720eV).
By using a parameterization described in Moffet et al? we were able to map the Fe(III) molar fraction (¢) in
single FeCit/CA particles. For the stacks, the spatial resolution was 35 nm X 35 nm pixels over a rectangular
area typically 4 yum?. The line scans were made with a line resolution of 35nm pixel. The UV irradiation
was made by means of a LED inserted in the experimental chamber which provided an irradiation of 3 W
m~2 at 375 nm (5.66 x 10'* photons cm? s~!). Particles containing FeCit and CA (1:1) are exposed to UV
light and the lights are then switched off, and then particles are analyzed in the dark during continuous Oq
and RH exposure. In these experiments we aimed to track simultaneously the oxidation state of iron and
the carbon evolution. Quantitative analysis by STXM required a relatively high iron concentration.

For experiments related to the condensed phase oxidation processes, a solution of Fe-Cit and CA (1:1)
was deposited on the top of a petri dish. This configuration, rather than the coated wall flow tube described
further below, was chosen to assure a complete extraction of the sample and low blank values from con-
taminations. To compare the results with the ones of STXM, we used the same concentration of iron. The
solutions were made from fresh solutions of Fe-Cit (0.0305M) and 1.8 mg of CA in HPLC-MS grade water.
The sample was then dried under a gentle flow of N5/Oq at 40 % RH. The resulting mixture equilibrated
at 40 % RH was exposed to different times of UV light irradiation. The irradiation was made in a reactor
with UV lamps (see Fig. 6.2). The extraction was made by a mixture acetonitrile:water (1:1) where vanillin

was included as a standard at a fixed concentration. Prior to the analysis, the solutions were filtered (0.22
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pum). Carry-over was assessed by a blank run in between each analysis. The injection volume was one pl.
The time-resolved separation of the analytes was performed in a Thermo Scientific DionexTM Ultimate 3000
Series RS system (Thermo ScientificTM, Switzerland) including a pump, a column compartment, and an
auto-sampler. The used column and pre-column were Thermo Scientific Acclaim™ Organic Acid (150 mm
x 2.1 mm, particle size 3 pm). The following program with mobile phase A (1 vol.% methanol, 1 vol.%
acetonitrile and 0.2 vol.% HCOOH in high purity water) and mobile phase B (100 vol.% MeOH) was applied:
1% B (0—1 min) 1 to 40 % B (1-6 min), 40 % B (6 — 8 min), followed by equilibration step and 40 to 1
% B (8 — 8.2 min), 1 % B (8.2 — 10 min). The flow was set to 0.25 ml/min, the temperature of the column
was kept constant at T = 40°C. A heated electrospray ionization (ESI) was used for the ionization of the
analytes at +3.5 and -2.1 kV spray voltage in positive and negative mode, respectively. Data acquisition
was performed using Thermo Scientific Q-Exactive hybrid quadrupole-orbitrap mass spectrometer controlled
by Xcalibur 4.1 software. Mass spectra were acquired in full scan mode with an isolation window of 1 m/z
from 50 — 750 m/z. The resolution was 70000 at m/z = 200. Raw mass spectral data files were collected
in triplicate including a blank between each run. The UHPLC-HRMS data were imported into Compound
DiscovererTM 2.1 software (Thermo Scientific, Switzerland) and processed with standard settings except for
mass tolerance (set to 2.5 ppm). The composition was predicted based on exact mass and isotopic patterns
and evaluated against MS/MS spectra.

The OVOCs release was measured by means of a Proton Transfer Reaction Mass Spectrometer (PTR-
MS). Films containing Fe-Cit and CA were prepared in a coated wall flow tube (CWFT) by deposition of
a solution of FeCit/CA in the inner part of the flow tube and a homogeneous film by rolling and tilting
the flow tube while passing a gentle flow of nitrogen, which was humidified to the RH that was used in the
following experiment. The coated tubes were 1.2 cm in inner diameter, 50 cm long (Duran glass) and fitted
snuggly into the reactor as inserts. The jacketed glass UV reactor held at T = 25 4+ 1°C was surrounded
by 7 fluorescent lamps (UV-A range, Philips Cleo Effect 20 W: 300420 nm, 41 cm, 2.6cm o.d., see Fig. 6.2),
leading to Jno, of 0.011 s~ in the flow tube. Flows of Ny and Oy were set by mass flow controllers at
0.8 L/min and 0.2 L/min respectively. While irradiating the reactor, the OVOCs released in the films were
analyzed with the PTR-MS (IONICON Analytik GmbH, Innsbruck, Austria).

Chemicals

The chemicals used were iron citrate tribasic (Sigma-Aldrich), citric acid (Sigma-Aldrich), acetonitrile
(LC-MS Chromasolv, Aldrich), HPLC-MS grade water (VWR Prolabo Chemicals) and vanillin (Sigma-
Aldrich).

6.4 Results

6.4.1 STXM results

Figure 6.3 shows X-ray absorption spectra at the C K-edge region (278 — 320 eV) of particles containing
citric acid (black), iron citrate (red) and FeCit/CA (1:1) after 3 hours of UV irradiation in Helium (50
mbar) and oxygen (100 mbar) (blue) and in absence of oxygen (green) at 60 % RH. The background of the

averaged pre-edge absorption at 278 — 282 eV was subtracted and all the spectra were normalized by the
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averaged post-edge absorption at 305 — 320 eV. The main features are at 286.8 eV and at 288.6 eV, which
indicate the absorption of carbonylic and carboxylic groups, respectively. Figure 6.4 shows X-ray absorption
spectra at the C K-edge region at only 6 energies (278, 286.8, 288.6, 290.8, 298.4 and 320 eV) of particles
containing FeCit/CA (1:1), freshly prepared and after different times of UV irradiation.

Figures 6.3a shows the absorption spectra of CA and Fe-Cit in comparison. The CA spectrum is domi-
nated by the carboxyl peak at 288.6 eV, which appears broader in the Fe-Cit spectrum. Figure 6.3b shows
the appearance of new features upon UV irradiation such as the feature at 286.8 eV, corresponding to car-
bonyl compounds, or the feature at 285.0 eV, corresponding to double bounds. The appearance of a feature

at 290.8 eV is a consequence of the exposure of the particles to X-rays, which damages them and generates
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Figure 6.3: C-NEXAFS spectra from 278 eV to 320 eV of particles containing citric acid (black), iron citrate (red)
and FeCit/CA (1:1) after 3 hours of UV irradiation in presence (blue) and absence (green) of oxygen. The shady

zones correspond with the absorption of double bond, carbonyl and carboxyl compounds at 285.0 eV, 286.8 eV and
at 288.6 eV respectively.
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Figure 6.4: 6-Energy spectra of particles containing FeCit/CA (1:1) before (black) and after 0.5, 1 and 3 hours of
irradiation (red, blue and green respectively) over the same particles. b) Optical density of the carbonyl (black) and
carboxyl (red) peak to the optical density in the post edge (320 eV).
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carbonate. Even so, the damage is very low so we do not consider it. We can first conclude that Fe-Cit
photochemistry induces the production of new compounds by photolysis and further reaction. We observed
that the concentration of carbonyl compounds is higher when the irradiation is made in absence of oxygen
while the double bound compounds are only detectable in absence of oxygen. This can be understood by
assuming that in presence of oxygen Fe-Cit cycling occurs several times, leading to further CA degradation
and also leading to higher generation oxidation products, including OVOC, which can leave the particles.
In absence of oxygen, the cycle (Fig. 6.1) presumably is occurring once, but cannot be maintained due to
lack of oxidants for Fe(II), and thus later oxidation generations are not formed. Consequently, the organic
radicals produced in the first step of photolysis of Fe-Cit can drive radical recombination or intramolecular
reactions. The latter can be elimination reactions which may lead to the formation of double bounds33!.

Figure 6.4a shows that Fe-Cit photochemistry drives the degradation of citric acid over several hours.
The decarboxylation produced by the initial photolysis or Fe''Cit becomes apparent with the continuous
depletion of the absorption at 288.6 eV, indicating lower concentration of carboxylate groups. The increase
in the absorption at 286.8 eV indicates the production of carbonyl groups upon UV irradiation. The optical
density in the post-edge decreases substantially after 3 hours of irradiation due to most likely the release of
OVOCs and thus the decrease of mass and of total carbon of the particles. Figure 6.4b shows the optical
density of the carbonyl (black) and carboxyl (red) peak normalized to the optical density at the post edge
(320 €V). In the first hour of irradiation the main loss in terms of functionalities is driven by the loss of
carboxylic compounds, presumably CO5 and acetic acid, while the carbonyl content increases. From 1 hour
to 3 hours of irradiation the carboxyl content increases due to the mass loss of the particles (dominated by
release of OVOCs without carboxylic groups) while the carbonyl content decreases most likely due to the
higher concentration of C4 compounds which are precursors of OVOCs (acetone). This is in agreement with
HPLC-MS results and OVOCs results shown later below. The decrease of the carbonyl signal after 3 hours
of irradiation can be due to the decrease of the total carbon rather than an effective decrease of the carbonyl
concentration.

Figure 6.5 shows a map of Fe(III) fraction (¢) of particles containing FeCit/CA (1:1 molar ratio) after
illumination with UV light (375 nm) over 15 minutes in an atmosphere of 110 mbar of oxygen and 40 %
RH. Images of particles reveal that Fe(III) is highly depleted while it is still present near the surface as seen
as the colour contrast from blue (more Fe?") to red (more Fe?*). Oy supply into the bulk can have been
restricted only to surface layers with a small depth. We calculated the lower limit of the reacto-diffusive
length by assuming that the rate coefficient of the reaction between oxygen and the organic radical is ~ 106
M~1 571155 and that the diffusion coefficient of oxygen in citric acid at 40 % RH is 107 cm? s~ 'L, If
every iron atom leads to a radical (potential concentration of ~ 1 M at the beginning) the reacto-diffusive
length (I = \/D/k?'%) | which is the distance over which Oy is lost due to the reaction with radicals, would
be 0.01 nm .
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Figure 6.5: Map of FeCit/CA particles (1:1 molar ratio) after illumination with UV light over 15 minutes in an
atmosphere of 110 mbar of oxygen and 40 % RH. The color scale indicates (Fe(III)/(Fe(II)+Fe(III)) and is generated
by means of the parameterization described in Moffet et al.*?

6.4.2 HPLC-MS results

Figure 6.6 shows the signal of CA normalized to vanillin of the extracts of the films containing Fe-Cit
and CA (1:1) as a function of irradiation time in hours at 40 % RH and in presence of 20 % of oxygen.
We observed the decay in the signal of CA upon UV irradiation indicating the degradation rate of CA by
photolysis of Fe-Cit, which is in agreement with the depletion of the carboxylic signal observed in STXM.

The life time of iron citrate under our conditions is in the order of half a minute (j = 0.068 s™1, ¢ ~
0.28168). We observed a decrease of approximately half of the initial CA at the first data point after light
on, after 1 hour, while a much slower decrease is observed after the first hour. The fraction of CA decaying
initially corresponds to the fraction that is attached to Fe(III) forming complexes. Therefore, we suspect
that the citrate that is initially forming complexes with Fe(III) is rapidly photolyzed, presumably in the
first minutes (taking into account the short life time of iron citrate under our conditions). The slow CA
degradation observed afterwards can be explained taking into account that Fe(IIT) can produce complexes
with many new species apart of CA, the equilibrium of Fe(IIT) - Fe(II) will be shifted to Fe(II) once lights
are on, leading to less concentration of photoactive Fe(III) compound, and this equilibrium is depending on
the diffusion rate of oxygen into the sample.

Figure 6.7a shows the appearance and temporal evolution of the signal of several products with smaller
or equal number of carbon atoms than CA over several hours of UV irradiation. The Cg compounds come
from the functionalization of CA, and Cs, C4 and C3 compounds come from the fragmentation and further
reaction following decarboxylation of the citrate ligand after initial photolysis of iron citrate complexes or
by the degradation of uncomplexed CA by HO, radicals generated in the complex degradation. The general
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Figure 6.6: Signal normalized to the vanillin of citric acid before and after several hours of UV irradiation. Error
bars indicate the standard deviation of 2 — 3 replica experiments. The blue line represents the linear decay from 1
hour to 24 hours of irradiation.

trend is an increase over the first 16 hours of irradiation and a decrease after that, most likely due to
further degradation towards OVOCs that leave the sample. We noted that 6 and 5-carbon molecules arise
generally earlier than the 4-carbon molecules, which supports the idea of decarboxylation as an important
pathway. We detected the rise of compounds coming from one and two decarboxylations of CA, C5sHgO35 and
C4HgO3, respectively, which is in agreement with the proposed mechanism (Figure 6.1). As described later,
we detected a significant release of acetic acid, which means that some of the C4 compounds are produced
by fragmentation of CA into a C4 product and acetic acid. The appearance of C5HgOj5 indicates that the

radical produced can be reduced to produce the alcohol. Additionally, other compounds are produced upon
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Figure 6.7: Signal normalized to vanillin signal before and after several hours of UV irradiation of a) several products
of the decomposition of citric acid in positive mode and b) products bigger than CA.
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UV irradiation most likely coming from the degradation of CA and the further degradation of first generation
products by HO, radicals®27. The products of the direct degradation of CA by OH radicals tend to have a
larger O:C ratio® We argue that in the degradation of CA observed by Davis and Wilson%® the oxidation
was mainly occuring at or close to the surface and exclusively initiated by OH radicals, but also in a region
which remains accessible to oxygen. Therefore the O:C ratio in the products is expected to be larger than
for our system, where radical production occurs throughout the particles, but oxygen is coming from the gas
phase side only. The difference in the nature of the compounds can be due to oxygen diffusion limitations
leading to a chemistry where HO4 do not play a major role. Therefore, we suspect that the main source of
oxidation of the products we observed in this work is not the reaction with OH radicals but photolysis or
reaction with HO5, HoO4 or peroxy radicals.

Because of the formation of certain compounds with double bonds observed in STXM experiments under
irradiation in absence of oxygen and the presence of C¢HgOg (likely a double bond compound) in the extracts
of films exposed to radiation in presence of oxygen, we suspect that oxygen cannot enter and diffuse fast
enough in the sample leading to anoxic conditions within the sample. This is supported by the presence of
C4HgO2 (see mechanism in Fig. 6.7). Diffusion limitation of oxygen is also supported by the fact that citric
acid is not further degraded rapidly after one hour of irradiation (Fig. 6.2) because the lack of oxygen makes
the catalytic cycle run slowly. The thin oxygen rich layer is of course also apparent from the Fe(III) fraction
only being high at the outermost surface as observed by STXM.

Figure 6.7b shows the appearance and increase of the signal of several products larger than CA, which
resemble oligomerization products (from accretion chemistry), over several hours of irradiation. These com-
pounds most likely come from the recombination of radicals produced in the condensed phase. These
oligomerization compounds tend to appear later than the smaller products, which can be explained by
assuming that the whole range of smaller compounds must be produced first in order to produce larger
compounds with 7 to 11 carbon atoms. The decrease after 24 hours of irradiation is not as relevant as
for the degradation compounds. Though, the concentration of some compounds slightly decreases from 16
hours to 24 hours of irradiation. The radicals that presumably react in a termination reaction to produce
these oligomerization products can react rapidly with oxygen. Therefore, the presence of these compounds
is another indication of the presumably anoxic conditions in the bulk.

We detected the presence of poly-iron complexes such as FeaC11H16019 and FesCigH19O006 %%, Higher

viscosity possibly induced by these compounds may lead to lower diffusivity of oxygen und thus an even
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Figure 6.8: Proposed mechanism of degradation of citric acid by FeCit photochemistry.
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smaller reacto-diffusive length, and thus an even larger volume fraction remaining under anoxic conditions.

OVOCs measurements

6.4.3 PTR-MS results

We observed the release of several compounds, of which acetic acid, acetaldehyde and acetone were the
ones with the largest release. We observed steady-state release for acetic acid and acetaldehyde during
irradiation, while the release of acetone increased as a function of time for all the experiments. Figure 6.9a
shows the steady state release of acetic acid and acetaldehyde from films loaded with FeCit and CA at 30
% RH and 20 % Os while irradiating with UV light as a function of FeCit. The content of CA was always
25 mg and the content of FeCit varied from 0 to 4 mg. We noted that the release of both OVOCs is not
dependent on the iron concentration above a FeCit/CA ratio of 0.03. Figure 6.9b shows the steady-state
release of acetic acid from films containing FeCit and CA (1 mg and 25 mg, respectively, with molar ratio
of 0.03) upon UV irradiation as a function of RH. The release of acetic acid increases with RH from 10 %
RH up to 60 % RH.

Because we observed steady-state behavior for the release of acetic acid and acetaldehyde we suspect
that these are products of fragmentation by HO, or by photolysis and not from the gradual degradation by
Fe(III) carboxylate complexes photochemistry. In the latter case, we would have observed a gradual increase
of the release of OVOCs. Therefore, the production of acetic acid and acetaldehyde depends on the HOy
produced and, thus, the oxygen content in the sample. Based on the results shown in Fig. 6.9a, we suspect
that HO, radicals can lead to the formation of OVOCs and react further with them, and therefore, the
concentration of OVOCs is constant with increasing concentration of HOy. The increase in the release rate
of acetic acid with RH (Fig. 6.9b) can be explained by an increase in the diffusion coefficient of acetic acid.

Figure 6.10 shows the release of acetone from films containing FeCit/CA at molar ratios of 0.03, 0.06, 0.09
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Figure 6.9: a) Steady state release of acetic acid and acetaldehyde from films loaded with FeCit and CA at 30 % RH
while irradiating UV light as a function of FeCit content keeping constant the CA content. b) Steady state release of
acetic for films containing FeCit and CA from films loaded with FeCit and CA (x=0.03) while irradiating UV light
as a function of RH.
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Figure 6.10: Acetone release from films containing FeCit/CA with different molar ratios as a function of time at 30
% RH.

and 0.12 at 30 % RH. Its release increases as a function of time and the increase is proportional to the
concentration of FeCit in the sample. This indicates that acetone is a product of consecutive decarboxylations
of CA. Because acetone is a third generation compound (three decarboxylations needed), the population of
its second generation precursor (C4HgOs3) builds up in the films with time, and therefore the production and
release of acetone also increases over time. This is in agreement with the findings in the HPLC-MS analysis,
which indicate that the concentration of the C4 compounds increase over several hours. This explains the

increasing carbonyl loss observed in STXM experiments.

6.5 Conclusions

Our results reveal that iron carboxylate photochemistry induces aging by fragmentation, functionalization
and oligomerization producing a wide spectrum of compounds. This chemical evolution of aerosol particles
containing these compounds can potentially induce changes in the physical properties of the particles such as
viscosity or absorption. We observed products of the photolysis of Fe(III) citrate but also products coming
from radical chemistry and/or direct photolysis of the compounds produced. This photochemistry needs to
be investigated in more detailed to better understand how it influences the physical properties of aerosol
particles. We suggested that that the system can run into anoxic conditions in the bulk as a result of oxygen
diffusion limitations changing the chemistry and the resulting compounds. When this applies to atmospheric
aerosol particles, the chemistry driven in the bulk will extremely depend on the diffusion of oxygen within
particles. The anoxic conditions lead to different chemical evolution of the particles such as the production
of unsaturated compounds, as our HPLC and STXM results show, where HOy chemistry plays a minor role.
The release of OVOCs appears to be greater under humid conditions than under dry conditions due to the

limitations of oxygen to get into the bulk and due to the changes in the diffusivity of the OVOCs themselves.
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7 Conclusions and outlook

7.1 Conclusions

Brown carbon and iron carboxylate complexes are chromophores present in atmospheric aerosol parti-
cles that photochemically trigger radical reactions, which induce the production of HOy radicals and the
subsequent oxidation and secondary radical and non-radical processes, which contribute to aerosol aging.
The products resulting from these processes include oxygenated volatile organic compounds (OVOCs), func-
tionalization and oligomerization products. The overarching goal of this thesis has been to understand the
feedbacks between indirect photochemical radical production and aging triggered by chromophores men-
tioned above within atmospheric aerosol particles and the physical properties of those particles such as
diffusion or viscosity.

The HO2 radical production and release photochemically induced by BrC have been assessed by HOq
release measurements by using IC, BPh and BBA as proxies of photosensitizers forming excited triplet states,
which act as oxidants towards organic aerosol components. Comparable HO5 release was also observed from
iron citrate initiated photochemistry. It has been demonstrated that the contribution of this photochemistry
to the sources of HO» in the gas phase of the atmosphere is less relevant for polluted regions but it may be
more important in unpolluted regions under biogenic influences, in twilight or at high latitudes when less
UV for traditional radical production or direct photolysis is available and gas-phase radical production rates
are lower.

It was demonstrated that the presence of triplet-scavenging, partially oxygenated organic H atom donors
in the condensed phase can substantially contribute to the organic and HO5 radical production, by scavenging
triplet states of BrC faster than more oxidized organic compounds, such as citric acid. In a similar way,
the excited triplet states act as a sink to drive reactive uptake of H atom donors, such as limonene, from
the gas phase, and thereby promote the aerosol growth. The predicted OH production in the condensed

—122

phase by other, traditional, sources is around 15 M day . Uptake of HO, radicals from the gas phase

amounts to about 1 M day .

The upper limit of indirect photochemical HO5 production is around 20
M day—!. Therefore, the triplet induced radical production clearly outcompetes the traditional condensed
phase radical sources and also radical uptake from the gas phase. Simultaneously, the HO5 produced from
triplet scavenging is in turn scavenged by the same organic compounds, hence preventing the release of HO4
into the gas phase (as mentioned above), but keeping the oxidative capacity within aerosol particles.

In this thesis, also the the influence of halides on the photosensitized chemistry of BrC was studied. It
was established previously that halides act as electron donor towards triplet states'®®. Therefore, halides
can promote the organic and HO, radical production in a similar way as organic donors. Additionally,
halogen radicals and molecular halogens are produced, which can be recycled into halides by HOy with an
efficiency up to around 50 % therefore reducing the oxidative capacity in the aerosol phase. In turn, the
other 50 % are released to the gas phase in the form of molecular halogen compounds. Using the example
of iodine, it has been demonstrated that this photosensitized halogen activation is comparable to or larger

than halogen activation by oxidation of iodide by ozone in aerosol particles, when the reactive uptake is low
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due to diffusion limitations, as is the case in sea-spray derived organic-rich aerosol particles transported to
the free troposphere.

A complex dependence of the photosensitized chemistry and radical production and release with RH was
observed. This complexity comes from the interplay between the changes in diffusion, intersystem crossing,
radical reaction rates and a possible photosensitized surface reaction upon water content changes. In all
systems investigated, radical production increased from dry to medium RH conditions, reaching a maximum
in the range 50 — 60 % RH, which was attributed to increasing diffusivity of all reactants and products.
Also the release of OVOC products from iron citrate induced citric acid degradation and from iron doped
limonene SOA increased similarly. The decrease of photochemical turnover at higher RH was generally larger
than expected from the effect of dilution of reactions with increasing water activity and may be related to
complex water activity-dependent reaction mechanisms not considered so far.

We observed the carbon chemical evolution and iron speciation under UV irradiation of samples containing
Fe(III) citrate and citric acid including the degradation of carboxylate groups by direct photolysis of Fe(III)
carboxylate complexes and the HO, radical chemistry triggered by the photolysis of Fe(III) carboxylate
complexes. We also observed gradients in the iron oxidation state in single particles after irradiation, which
indicates the existence of oxygen diffusion limitations. We conclude that Fe(III) carboxylate photochemistry
can contribute to aerosol aging and potentially to changes in the physical properties of aerosol particles such
as diffusion, viscosity or absorption. The products detected together with the iron speciation maps after
irradiation point out to oxygen diffusion limitations within atmospheric particles aerosol which would induce
an anoxic region in the bulk beyond the reacto-diffusive length of oxygen. Generalizing from the special
case of the study cases with either high photosensitizer or high iron citrate concentrations, we could use the
assessment of OH production for well-established OH sources for aqueous tropospheric aerosol particles, 15
M/day from Tilgner et al. (2013)22. We could assume that each organic radical resulting from reaction with
OH is able to scavenge oxygen. An upper limit concentration of oxygen in atmospheric aerosol particles is
around 10~ M. Then, the first order decay rate of oxygen would be 5.9 s~1. Assuming a diffusion coefficient
of about 107'2 em? s~! for oxygen!!, the reacto-diffusive length (I = /D/k2'%) would be about 40 nm.
By the support of our results, we claim the existence of anoxic region in the bulk of atmospheric aerosol
particles in full sun light.

In order to address the impact of iron complex chemistry in a more realistic organic aerosol matrix, the
OVOC release was measured, produced by photolysis and the subsequent HO, chemistry, while irradiating
SOA produced by the oxidation of limonene by ozone as a function of iron content and RH. We noted
that the presence of iron in low concentrations (~ 4 %) can promote the OVOC production and release
most likely due to the production of carboxylate complexes. On the other hand, high concentrations of iron
produce a drop in the OVOC release. At high iron concentration, a larger fraction of iron may form less
stable complexes in the SOA matrix. Therefore HO, radical chemistry can be shut down by cycling between
Fe(IT) and Fe(III). The OVOC release increases from dry conditions to 55 % RH by a factor of 4 most likely
due to the faster diffusion of oxygen inside the samples and the subsequent increase of the HO production
due to photolysis. A diffusion model built by fitting the output of the model to the data demonstrates an

increase of the diffusion coefficient of organic molecules along with the increase in the RH. We conclude
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that the potential mass loss induced by photochemistry in SOA is around 4 % per day, which is a factor of

4 larger than the mass loss calculated by previous work at dry conditions2%?.

7.2 Outlook

In this work photosensitized HO5 production has been identified as a relevant contribution to the gas
and condensed phase radical sources. A better knowledge of the composition of atmospheric aerosol particles
is required to better assess these contributions. The existence of radical recycling has been demonstrated
to exist for photosensitized chemistry in presence of halides and the importance of the halogen activation
deriving from it, especially in low-diffusion systems. Further experiments varying RH are required to better
understand the influence of diffusion and viscosity on halogen activation. The dependence of photosensitized
radical production and aerosol aging on relative humidity has been investigated. Even so, due to the com-
plexity of the interplay of several properties changing upon change in relative humidity, further and simpler
experiments are required. The aging induced by iron complex photochemistry in terms of OVOCs release,
functionalization and oligomerization has been investigated as well as the changes in the iron oxidation state.
The production of a broad spectrum of compounds and gradients in the iron oxidation state were observed,
which indicates the existence of oxygen diffusion limitations. Further experiments are suggested below. The
implications of the processes on human health should be considered, since the production of reactive oxygen
species (ROS) in particles or their potential to produce them is relevant for the health effects of inhaled
particles.

The main experiments in the chapters 2, 3 and 4 are HO, radical release measurements from mixtures
containing photosensitizers and by evaluating this data and building a model, we could indirectly obtain
information about the radical and triplet production in the condensed phase. In order to get a better and
more systematic insight into that, we point out to the need of measurements of photochemical production
of radicals within the condensed phase, for example with condensed-phase scavengers. Such experiments
would be helpful to corroborate or adjust our models and to understand the atmospheric implications taken
from them. In this work the HOs measurements have been done by scavenging of HO5 by NO. In order to
discard interferences coming from the reaction between RO2 radicals with NO in the condensed phase or
other radical processes involving NO 332, direct measurements of HO radical such as the ones performed by
Vincent et al.33 above titania samples in the gas phase could be attempted in the future.

In this thesis it has been shown that BrC photochemistry can contribute significantly to the aerosol
growth. Even so, other studies point out that this contribution is tiny23*. At the same time, it was observed
that the photolysis of SOA material produces OVOC, the release of which induces mass loss. Further studies
should be done to assess these two effects of photochemistry in SOA particles.

It has been shown that the dependence of photochemical radical production and release on RH is very
complex, because diffusion, viscosity, oxygen solubility and water content change together while changing
RH. Water content influences the rate coefficient of radical reactions and viscosity can influence the in-
tersystem crossing efficiency. Oxygen plays an important role in photosensitized chemistry since it induces

HO, radical production and deactivates triplet states. Changes in the oxygen diffusion and solubility induce
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changes in HO5 production and triplet states quantum yields. In terms of photochemistry, the interplay of
these processes makes understanding the feedbacks between photochemistry and physical properties a chal-
lenging task. Therefore future studies should be focused on taking apart these effects to better understand
each effect separately.

The model systems studied here are idealized systems with comparatively high photosensitizer concentra-
tions. There are some studies about the concentration of triplets in environmental waters. The steady-state
triplet states concentration in surface waters has been estimated by McNeill and Canonica (2016) 7 from
10~ to 10712, M. Kaur and Anastasio (2018)27? showed that the steady-state triplet states concentration
in bulk fog water goes up to 10713 M. They also suggested that triplet excited states can be the dominant
aqueous oxidants for organic compounds such as phenols from biomass combustion. The concentration of
triplet states in the aerosol phase are so far unknown. Therefore, future studies should look at it, for example

collecting natural samples of SOA and measuring the single oxygen production?3°

. Field campaigns are also
needed to assess the organic content of aerosol particles and its reactivity against triplet states and radicals.
With this information we may become able to accurately predict the radical production and recycling within
aerosol particles.

It has been showed that the efficiency in the release of photosensitized production of halogens is RH de-
pendent due to the efficiency in the different release rate of HOs and X5 at different diffusive properties. It
has been also showed that photosensitized halogen activation can compete with non-photochemical halogen
activation pathways triggered by reactive uptake of an oxidant at low enough RH. Since the measurements
were performed just for iodine, future studies should assess bromine and chlorine activation from photosen-
sitized chemistry in aerosol particles. I suggest that future studies should include this new photosensitized
halogen activation pathway in atmospheric models to precisely assess the contribution of it as well as to bet-
ter understand the halogen radical recycling that take place in aerosol particles. Additionally, we assessed
the influence of RH on photosensitized halogen activation and recycling by means of the outcome of our
model taking into account that just diffusion changes with RH. Since other aspects can change with RH
apart from diffusion, I suggest to experimentally investigate the influence of RH on photosensitized halogen
activation and recycling. I also suggest to assess the contribution of photosensitized halogen activation to
the sources of reactive halogen species (RHS) and, therefore, to the climate. The iron-containing samples
used in chapter 5 were made by adding a certain volume FeCls solution to the SOM. We did not observe
any indication of not well-mixed mixtures but we cannot ensure they were. Therefore, I suggest that future
studies should be done by producing particles from solutions of SOM material and dissolved Fe(III) or using
FeCl3 seed particles and condense SOM on them.

We investigated the carbon evolution in iron citrate samples during irradiation by the analysis of the
extracts of irradiated bulk samples with HPLC-MS. Performing these experiments online by using, for
example, an Aerosol Mass Spectrometer (AMS) and irradiating iron citrate aerosols would provide better
time resolution. Though the range of detectable species or species families depends on the ionization scheme.

It has been demonstrated that oxygen diffusion limitation occurs within our iron citrate aerosol particles
just by the scavenging of oxygen by radicals in highly-viscous particles, which changes the chemical evolution

by aging. Our discussion was focused on the difference in the iron oxidation state from the surface and the
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bulk. Additionally we could detect products (HPLC) and new functionalities (STXM) coming presumably
from anoxic chemistry. Changes in composition can alter the physical properties such as surface tension,
hygroscopicity or size. It would be intriguing to study the influence of the presence of these compounds on
condensation of clouds, ice nucleation or absorption. Radicals (organic or HOy) may accumulate in the bulk
since oxygen may not be present there, which can have a great impact on the internal chemical processes
and potentially human health. I suggest to investigate the production of organic radicals and distribution
within single particles by STXM as a direct confirmation of the oxygen diffusion limitations. This can
be accomplished by magnetizing the sample and utilizing X-rays with variable polarity while observing
differences in X-ray absorption, commonly known as circular dichroism. In addition, future STXM studies
could be focused on the difference in the iron oxidation state profile at different humidities and its evolution
as a function of time. Breathing illuminated particles containing chromophores can lead to the release of
radicals in our lungs and subsequent oxidative stress. I suggest the study and assessment of this topic.

T also suggest to further explore the suggested feature of anoxic radical chemistry. The present experiments
were dealing with fairly high radical production rates, which may indeed induce mass transport limitations
for oxygen in viscous particles. Further experiments need to explore this further for example with natural
samples to know whether and under which conditions oxygen transport limitations are possible. These goals
can be achieved by measurement of environmental persistent radicals as a function of oxygen exposure or by
carefully analyzing the composition of aerosol particles and recognize products coming from anoxic radical

336 and the viscosity of atmospheric aerosol particles® should

chemistry. Relative humidity in the atmosphere
be used to assess the oxygen diffusion limitation on atmospheric aerosol particles. The consequences of these

findings should be assessed precisely in terms of aerosol aging and public health.
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