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It matters not how strait the gate,

How charged with punishments the scroll,
I am the master of my fate,

I am the captain of my soul
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Abstract

Dinitrogen pentoxide (N,Os) is an important reactive intermediate in the nighttime
chemistry of nitrogen oxides (NOy). As one of the major NOy sinks, it plays an

important role in the regulation of the oxidative capacity of the atmosphere.

The "N radioactive isotope tracer technique was used to synthesize *N labeled N,Os
for the first time, and an experimental system for the study of uptake kinetics of N»Os
on aerosol particles was developed. A computer model of the gas phase chemistry
involved was created to help optimizing the production of N,Os. The experimental

setup was successfully tested, and routine production of *N,Os in the ppb range was

established.

The uptake of N,Os on citric acid aerosol was studied over an atmospherically
relevant humidity range (17-70% RH). Citric acid was used as a proxy for highly
oxidized organic species present in ambient organic aerosol. The results have shown
that reactivity in the above mentioned humidity interval varies roughly an order of
magnitude, with the uptake coefficient, the probability that a gas kinetic collision with
the particle is leading to its net loss, ranging from approximately 3x10™* to 3x107.
This is significantly lower than for similar organic compounds. These relatively low
loss rates were attributed to the effect of viscosity, which is considerably higher in
concentrated citric acid solution than in solutions of simpler organic or inorganic
solutes. The humidity dependence of the uptake coefficient could be largely explained
by the effects of the changing viscosity on the diffusivity and thus reactivity. It is
postulated that this factor might be responsible for lower N,Os loss rates observed in

field measurements than predictions based on earlier laboratory results.

The particular properties of the '°N tracer method have allowed probing the chemical
mechanism of N,Os heterogeneous hydrolysis and obtain insight into some of the
individual steps of the mechanism. Specific use was made of the fast exchange of the
PN-labelled nitrate deriving from the uptake of *N-labelled N,Os into the aqueous
particles with the non-labelled nitrate pool present in NaNOs particles. This was then
used to demonstrate very fast dissolution and dissociation of N,Os into nitronium and
nitrate. In addition, a lower limit to the bulk accommodation coefficient, o, was

estimated to be 0.4, which is significantly larger than previously thought. This will



likely have a strong impact on the modeling of N>Os uptake on aerosol particles.
Additionally, it helps explaining some situations where uptake measured in ambient
aerosol is higher than expected based on previous laboratory studies for situations

where organics are not dominating the aerosol composition.
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Chapter 1

1. Introduction

1.1. The troposphere

The troposphere (from the Greek tropos - turn, change) is the lowest part of the
atmosphere, comprising the gaseous shroud around the Earth up to a height of about
10-15 km. It is separated from the next atmospheric layer (stratosphere) by the
tropopause. The troposphere contains the majority of the atmospheric mass, humidity,
particulate loading and precipitations. As the name suggests, the troposphere is
characterized by strong turbulences derived from thermal currents caused by the heat
emitted from the surface. This gives rise to strong meteorological events which help
gas mixing in this region of the atmosphere. Since the planetary surface is also the
source of the majority of atmospheric emissions, the troposphere is also the
compartment, where a major part of the atmospheric chemical processing of these

emissions Occurs.

The sources of emission can be anthropogenic, biogenic or geogenic and they can be
divided into primary (emitted directly into the atmosphere) and secondary emissions
(formed from reactions of primary emission components in the air), either in the form
of trace gases or in the form of aerosol particles. Once in the atmosphere, they are
subject to dispersion and transport due to meteorological events as well as chemical
and physical transformation by reaction between them. Finally, they can be removed
from the atmosphere by dry or wet deposition to the surface (Finlayson-Pitts and Pitts,

2000).
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1.2. Aerosols

1.2.1. General information

Aerosols are defined as a suspension of liquid or solid particles, of diameter between
~0.002 and ~100 pm, in a gaseous medium. They can arise from natural processes like
wind erosion, sea spray or volcanic eruptions or from anthropogenic activities like
combustion, mining activities etc. They are divided, similarly to other types of
emissions, into primary aerosol (emitted directly) or secondary aerosol (resulting from
gas to particle conversion processes in the atmosphere). According to size they can be
classified into coarse (>2.5 um) and fine (<2.5 um) particles. The latter are further

split into nuclei mode (<0.1 um) and accumulation mode (0.1> x <2.5 pum).

Fine Coarse
nuclei (or ultrafine) accumulation
mode mode
PM,, _ pM,
0.002 0.01 0.1 1 25 10 100

particle diameter (um)

Fig. 1.1. Classification of particles according to size: PM,s, PM;, stand for Particulate Matter with

diameter up to 2.5 and 10 um respectively

Particles belonging to the nuclei mode, because of their small size, represent a few
percent in mass of the total aerosol particles in the atmosphere. They are formed from
condensation or nucleation of hot vapors during combustion or other industrial
processes and nucleation of atmospheric trace gases. Accumulation mode particles are
generally formed from coagulation of smaller particles or condensation of vapors onto
existing particles. They account for the majority of the total aerosol number and

surface area concentration, and a major fraction of the overall mass. Coarse mode
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particles derive from mechanical processes, both anthropogenic and natural in origin,
and are primarily constituted by wind-blown dust, sea spray particles and volcanic
dust. Particle removal mechanisms are most efficient in the two opposite sides of the
particle size spectrum. Nuclei mode particles are removed primarily by coagulation
with other particles, thus contributing to the growth of accumulation mode particles,
while coarse mode particles have large sedimentation velocities and deposit out of the
atmosphere reasonably quickly. The accumulation mode particles are thus the
predominant species among atmospheric aerosol and can persist in the atmosphere up
to a few weeks and be transported over long distances (Finlayson-Pitts and Pitts,

2000; Seinfeld and Pandis, 1998).

1.2.2. Atmospheric impact and health effects

The atmospheric implications and impact of aerosols on our environment are
multifold and far reaching. They interact with trace gases (like NOy, SOy) and radical
species (like OH, NO3) present in the atmosphere and can scavenge them or facilitate
their production thus altering the oxidative capacity of the atmosphere (Alexander et
al., 2005; Cooper and Abbatt, 1996; Prinn, 2003; Ravishankara, 1997; Sievering et al.,
1992; Thornton et al., 2008). For example, NO, can be processed to HONO on
organic aerosols (Sosedova et al, 2009). Photolysis of HONO can substantially
contribute to *OH production in some environments (Zhang et al., 2009). Another
example of chemical processing of aerosols is the atmospheric processing of mineral
dust aerosol by acidic gases (like SO, or HNO3) and transformation of insoluble iron
(Fe in the oxidized or Fe'* form) to soluble forms (e.g., Fe*, inorganic soluble
compounds of Fe'*, and organic complexes of iron) which then act as a nutrient for

marine phytoplankton (Ito and Feng, 2010; Meskhidze et al., 2003; Zhu et al., 1992).

The changes in chemical composition induced by reaction with atmospheric trace
gases (chemical aging) can likewise influence our climate. Organic or soot aerosol can
absorb incoming solar radiation, inducing a local heating effect on the air mass they
are contained in. Inorganic particles like sulfates or nitrates on the other hand scatter
incoming radiation, which has a net cooling effect on the atmosphere (Chung et al.,

2005; Wang et al., 2014). These aerosols need not necessarily be of anthropogenic
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origin: volcanic eruptions can eject large quantities of SO, in the atmosphere, which
can be converted to sulfate aerosol. One such event was the eruption of Mount
Pinatubo in the Philippines in 1991, which led to a drop of the global temperature by
0.5 °C over a period of two years (Newhall and Punongbayan, 1997). Atmospheric
aerosols can also act as cloud condensation nuclei (CCN), facilitating cloud formation
and increasing the cloud albedo effect. At the same time, they decrease the
precipitation efficiency of clouds and thus increase the amount and lifetime of clouds
as well as influencing precipitation (Leaitch et al., 2010; Schwartz et al., 2002;
Stevens and Feingold, 2009).

Deposited aerosol damage plant surfaces and reduce the amount of photosynthetically
active radiation, thus impacting agricultural production (Gerstl and Zardecki, 1982;

Vardaka et al., 1995).

Aerosols can also impact human health. They have been linked with an increase in
mortality due to respiratory and cardio-vascular diseases (Brunekreef and Holgate,
2002) as well as an increase in the incidence of chronic obstructive pulmonary disease
(Sunyer, 2001) and other acute respiratory effects (Dockery and Pope, 1994) like
allergic inflammations (Nel et al., 1998) and asthma (Nel et al., 2001).

Taking these factors into consideration, a comprehensive understanding of the sources,
distribution pathways and relevant properties is necessary to estimate their effects on

the environment and human health.

1.3. Dinitrogen Pentoxide

1.3.1. The NOy cycle

The NOx (NOx=NO+*+NO;°) cycle is one of the key drivers of tropospheric chemistry.
When NO- and NO;* and O, are present in sunlight, ozone is formed starting from
photolysis of NO, at wavelengths <424 nm. It is a closed photochemical cycle which

is governed by the following reactions:
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NO,* +hv——>NO «+O(*P) (R1.1)
0++0,—>0, (R1.2)
NO++0, ——>NO,*+0, (R1.3)

When equilibrium is established the concentrations of NOe, NO,* and O; remain

constant and are governed by the Leighton relationship (Eq. 1.1):

[0,]INO] _ i, o
[NO,] k., (Fa- 1.1

where ji1; (s) and k3 (cm’ molecule” s') are the photolysis and reaction rate
constants for reactions R1.1 and R1.3 respectively. Since j;; changes with the solar
zenith angle, the ratio also changes during the day as do the concentrations of NOs,

NOz‘ and 03.

In the presence of atmospheric *OH radical however, additional reaction cycles with
volatile organic compounds (VOCs) and carbon monoxide can produce RO, and

HO,e radicals which can react with NOe« (R1.6,1.9).

RH ++OH——R ++H,0 (R1.4)
R++0, —>RO,* (R1.5)
RO,*+NO+*——>RO*+NO,* (R1.6)
RO ++0, ——RCHO + HO,* (R1.7)
CO ++OH—225CO, + HO,* (R1.8)
HO,*+NO + ——+OH + NO, (R1.9)

These reactions (R1.4-1.9) constitute a cycle where *OH is reformed and NOe is
transformed into NOje. This in turn drives tropospheric Os; production via the
photochemical NOy cycle. The *OH radical acts as a cleansing agent, oxidizing VOCs

present in the atmosphere, while at the same time helps the production of ozone. Its
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major source is the photolysis of ozone to electronically excited atomic oxygen O(1D)
followed by reaction with water vapor. In polluted atmospheres additional important
sources of *OH are photolysis of nitrous acid (HONO) and hydrogen peroxide (H,O5).
The overall atmospheric nitrogen cycle is complex and contains several additional
pathways which can contribute to the cycle for example by forming *OH radicals or
acting as termination steps for the various subcycles. One example of such
termination steps is the reaction of NO,* with «OH, which leads to production of
HNOs. This is one of the primary NOy removal mechanisms during daytime. A
simplified diagram of the nitrogen cycle can be seen in Figure 1.2. For a more detailed
overview of the chemistry of the atmospheric nitrogen cycle, the seminal works on
atmospheric chemistry by Finlayson-Pitts and Pitts (2000) and Seinfeld and Pandis

(1998) are a recommended read.
0,
NO;"

RCH
O CHO

%
NO, RO’ HO,"
hv
NO,®
0 : : v,
3 NO RO, HO

0O,

HNO;

7 Z
<8
o

N

VOC

Fig. 1.2. A simplified representation of the NO,+NO; and VOC cycles



117

1.3.2. N;0Os5 formation and role

In presence of ozone, NO,* can react further to NOs* (R1.10).
NO,*+0O; ——>NO,*+0, (R1.10)

This reaction is relatively slow (k.10 = 3.2x10""7 ¢m® molecule™ s'l), but in presence
of atmospherically relevant O; concentrations (100 ppbv) the lifetime of NO,* with
respect to reaction R1.10 is down to 3.5 h. NOj3e absorbs in the visible part of the
spectrum of sunlight (620-670 nm) and, therefore, it photolyses rapidly during the day
(lifetime ~1 s). Its relevance is thus restricted to the nighttime. NO;* plays an
important role as an oxidant in nighttime atmospheric chemistry, being a major
contributor to nighttime oxidation of organics (in particular alkenes and aldehydes).

NOse can furthermore react with NO,¢ to form N,Os (R1.11).

NO,*+NO,*+M_ ’N,0, +M (R1.11)

During nighttime the concentration of N,Os is controlled by the rapid equilibrium
between N,Os formation and loss, which is thermally controlled. Because of the
above mentioned equilibrium, N,Os can play a dual role in the tropospheric NOy
chemistry. It can act as a NOy reservoir by accumulating during nighttime to be
released in the early morning when photolysis of NO;3 depletes the accumulated N,Os.
Alternatively it can act as a sink for atmospheric NOy species via hydrolysis (R1.12)

(Finlayson-Pitts and Pitts, 2000).

N,O, +2H,0—»2HNO, (R1.12)

This process provides a nighttime sink for NOy, when the other main sink, reaction of

NO,+ with *«OH, is not active. While the hydrolysis reaction can happen in the gas
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phase, as a third order reaction it is extremely slow and the most important N,Os sink
is fast heterogeneous hydrolysis on aerosol surfaces (in presence of high aerosol
concentrations) (Abbatt et al., 2012; Chang et al., 2011). The overall result is removal
of atmospheric NOy species and, therefore, a reduction of tropospheric ozone, which
leads to a reduction of the oxidative capacity of the atmosphere (Dentener and

Crutzen, 1993; Evans and Jacob, 2005).

Hydrolysis of N,Os is considered to be the major sink process; however, an additional
loss pathway is interesting from the environmental standpoint. N,Os can react with
halide salts present in marine aerosols to form the respective nitryl halides (R1.13),
which can return to the gas phase and give, by photolytic dissociation, reactive

halogen atoms and NO; (R1.14) (Behnke et al., 1997; Osthoff et al., 2008).

N,O, , +NaX . ——>XNO

5(g) (s.aq) 2(»)

+NaNO, . (RL13)

)

XNO,, +hv——>X, +NO (R1.14)

2(g) 2(g)

While the importance of these reactions as a source of halogen atoms has been
considered uncertain or in any case restricted to marine environments, recent studies
(Mielke et al., 2012; Phillips et al., 2012; Thornton et al., 2010) have shown that
significant concentrations of CINO, can be found in continental areas as well. Marine
air masses transported over long distances and local industrial emissions lead to
formation of aerosol particles containing chloride, which can interact with the
nighttime NOy chemistry. This leads to CINO; production, and in turn to halogen

atoms.

Because of the importance of N,Os for nighttime tropospheric chemistry and overall
NOx and Os levels, its uptake on aerosols has been a very important topic of
investigation. The uptake is characterized by the uptake coefficient y, defined as the
ratio between the net flux of molecules from the gas phase to the aerosol particles and
the gas-kinetic collision flux of the molecules to the surface of the particles. A more
detailed overview of the kinetics of N,Os uptake on aerosol particles will be given in

subchapter 1.4.
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Over the last two decades, laboratory studies have been conducted over a wide range
of inorganic and organic aerosols, including nitrates (Mentel et al., 1999; Wahner et
al., 1998), sulfates (Davis et al., 2008; Hallquist et al., 2003; Hu and Abbatt, 1997),
NaCl/sea salt aerosol (George et al., 1994; Stewart et al., 2004; Thornton and Abbatt,
2005), mineral dust (Karagulian et al., 2006; Wagner et al., 2008), soot (Karagulian
and Rossi, 2007) and organic aerosols (Bertram et al., 2009; Gaston et al., 2014;
Griffiths et al., 2009; Rudich et al., 2007; Thornton et al., 2003).

1.3.3. Chemical mechanism

A chemical mechanism of N,Os reaction with aerosol particles has been first proposed
by Mozurkewich and Calvert (1988). According to this mechanism, N,Os dissolves in
water and dissociates to NO," and NOs , both of which then react with water and H'
to form HNO; (R1.15-1.20). The nitronium ion (NO,") acts as an electrophile and is
highly reactive, having a half-life in water of 10™ s (Behnke et al., 1997). In presence
of chloride, which is a stronger nucleophile, it reacts preferentially with CI" (Johnson
and Margerum, 1991) as the key step in (R1.13) mentioned above. It is also an
important nitrating agent in organic chemistry by electrophilic aromatic substitution

(Carey and Sundberg, 2007).

NZOS(g):N2OS(aq) (R1.15)
N,05,, —>NO;,,, +NO; ., (R1.16)
NOj,, +NO3,, —N,05., (R1.17)
NO,, +H' @ HNO, (R1.18)
NO;.y +H,04, —>HNO,, +H;,  (RL.19)
HNO, .~ “HNO (R1.20)

3(aq) ¢ _ 3(g)
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The mechanism has been found to be consistent with observed behavior and reactivity
in a series of studies (Griffiths et al., 2009; Hallquist et al., 2003; Mentel et al., 1999).
It likewise explains the reduction in reactivity found in nitrate aerosols, where an
excess of nitrate leads to an increase of the reaction rate for the recombination
reaction R1.17 and thereby inhibiting net uptake (Wahner et al., 1998). A simplified

schematic of the chemical mechanism in an aqueous aerosol particle can be seen in

Figure 1.3.
Gas
phase
N2Osq) p— HNO;
phase

N2O5(3CI) 3O++HN03 (aq)

AT

NO3 +N02 30++NO3

Fig. 1.3. The chemical mechanism of N,Os uptake on aerosol particles

A variation of the mechanism was proposed by Thornton et al. (2003) for dilute acidic
or neutral non-halide aerosol, which involves the formation of a hydrated nitronium
ion intermediate (H,ONO,") instead of NO," (R1.21), which would then react with

water to give nitric acid.

+H,0,,——H,0ONO,

5(aq) (liq) 2(aq)

+NO;,

N,O o (R12D)

A similar mechanism was suggested by Talukdar et al. (2012) for uptake of N,Os on
HCI doped H,SO4 liquid surfaces as well. As Robinson et al. (1997) suggest, such a

mechanism would be prevalent in medium to high water activity situations. The non-
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hydrated NO," would exist only in strongly acidic solutions, where lack of H;O would
enable NO," to exist as a stable species. We can therefore expect that the hydrated
nitronium ion would be the prevalent form in most atmospheric aerosol. There is
however no indication that this difference in ion structure or configuration has any

impact on the kinetics of N,Os uptake.

1.3.4. N,Os measurement techniques

Several measurement techniques have been used over the years to measure N,Os, in

atmospheric and/or laboratory measurements.

DOAS, or Differential Optical Absorption Spectroscopy, is often used to measure
atmospheric concentrations of trace gases. The operating principle is the measurement
of specific absorption bands in the UV and visible spectrum. A modern long path
DOAS instrument is composed of a light source and a coaxial double Newtonian
telescope transmitting a collimated beam of light to an array of quartz corner-cube
reflectors positioned a few km away from the telescope (Stutz et al., 2004). This
method can be used to measure N,Os indirectly, by measuring NO; and NO,
concentrations in the gas column delimited by the light beam. The N>Os concentration
is calculated based on the equilibrium in R1.11. The advantage of the technique is that
measurements of NO3; and NO; are not affected by wall loss in an instrument inlet and

the technique does not require calibration (Wang et al., 2006).

Cavity Ring-Down Spectroscopy (CRDS) uses a set of high reflectivity mirrors placed
in a cavity and a dye laser used to inject a laser beam into the cavity through one of
the mirrors (Atkinson, 2003). The concentration of the analyte is determined by the
decay of the laser intensity within the cavity, which is proportional to the species
concentration (NOs). A second, heated inlet is used to measure the sum of NO; and
N,Os simultaneously by thermal conversion of N,Os to NOs. The amount of N,Os is
obtained via the difference between the two channels. The instrument is relatively
compact and therefore suitable for both field and laboratory work, with very low

detection limits, down to 1-5 pptv (Brown et al., 2009).
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Laser-Induced Fluorescence (LIF) uses a laser to excite the species of interest to a
higher electronic state, from which it may fluoresce with an efficiency determined by
its fluorescence properties (Wood et al., 2003). As in the case of CRDS, this
technique is used to measure NO;s concentration and indirectly N,Os by thermal
conversion of the former, with a detection limit in the low pptv range (Griffiths et al.,

2009; Wood et al., 2005).

Chemical Ionization Mass Spectrometry (CIMS) is based on a soft and selective
ionization process resulting from a reaction between a reagent ion and the analyte
followed by mass spectrometry of the resulting ions. The soft ionization process
results in simple mass spectra with relatively little fragmentation. The reagent ion
used is iodide (I') which reduces possible interference by HNO;, but it can’t
differentiate between NOj; or N,Os, ionizing both species to NO;™ detected at 62 amu
(Hanson and Ravishankara, 1991; Hu and Abbatt, 1997). Nevertheless, the method is
highly sensitive (10 pptv range). Recently, a method has been developed to measure

the I(N,Os) 1on cluster, which allows to measure N,Os directly (Kercher et al., 2009).

These techniques have many advantages: they are very sensitive and relatively fast.
Spectroscopic techniques usually have relatively small interferences compared to
chemical methods. Additionally, the latest generation of instruments is relatively
compact, enabling field measurements albeit with some restrictions. However, there
are some disadvantages as well, like the fact that studies of N,Os uptake on aerosol
particles can only be conducted by following its loss from the gas phase, with all the
limitations that this implies. In this thesis we have used the short lived "*N radioactive
tracer technique developed at the Paul Scherrer Institute (Ammann, 2001; Kalberer et
al., 1996). This technique allows studying the uptake of a wide range of nitrogen
oxides and related compounds on aerosol particles by labeling them with "°N, a short-
lived isotope with a half-life of 10 min. "*N is a well-known positron emitter, used for
example in positron emission tomography (PET) for medical purposes (Miller et al.,
2008). This technique allows monitoring the gas phase concentrations of NO,, NO;
and N,Os as well as the particle phase concentrations for N,Os by monitoring the
decay of "N labeled species both in the gas and aerosol phase. The method can be

used for experiments performed at very low trace gas concentrations (100 pptv) and in
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presence of high relative humidity. Similar to some of the other spectroscopic
techniques, it requires separation of the analyte from the aerosol particles. In contrast
to spectroscopic techniques, the tracer technique lacks direct chemical selectivity, but
requires selective chemical separation. Over the previous two decades the N tracer
produced at the PSI PROTRAC facility has been used to study the uptake kinetics of
nitrogen oxides such as HNO; (Guimbaud et al., 2002; Vlasenko et al., 2006), NO,
(Sosedova et al., 2009), NO, (Bartels-Rausch et al., 2002), HNO,4 (Bartels-Rausch et
al., 2011) on various types of aerosol or ice substrates. This study represents the first
production and use of "N labeled N,Os for kinetic experiments. Additional
information about the "N technique can be found in Chapter 2 which contains a

detailed description of the "*N production facility and the "*N,Os production method.

1.4. The Kinetics of gas uptake on aerosol particles

As already mentioned previously, the kinetics of gas-aerosol interactions are usually
described by the uptake coefficient y, defined as the ratio of the net flux of molecules
from the gas phase to the aerosol particles to the gas-kinetic collision flux of the

molecules to the surface of the particles (Finlayson-Pits and Pits, 2000).

net

(Eq. 1.2)

<

coll

The gas kinetic collision flux can be defined (based on gas kinetic theory) as:

coll = T (Eq 13)

where [X], is the concentration of the gas species in question near the surface of the
aerosol particle, while wy is the average molecular velocity of the gaseous species.
The uptake of a gas into a liquid particle involves several physical and chemical

Processces.
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The first one is diffusion of the gas to the interface. The gas molecule can then either
scatter or thermally accommodate at the surface. The gaseous diffusion is determined
by the gas-phase diffusion coefficient (D). The rate of accommodation on the surface
is described by the surface accommodation coefficient, defined as the ratio of
molecules adsorbed (accommodated) at the surface to the number of gas-surface

collisions.

The molecule may then enter and dissolve in the interfacial region. The overall
process is described by the bulk accommodation coefficient (ay), which is the
convolution of the surface accommodation and surface to bulk transfer. Surface to

bulk transfer of a soluble molecule essentially represents its solvation.

The diffusion of the dissolved molecule further into the bulk of the particle is
determined by the diffusion coefficient in liquid, D.

If there is no reaction within the liquid phase or the reaction is slow (compared to
uptake and diffusion), an equilibrium is eventually established between the gas and
liquid phase (Henry’s law equilibrium), characterized by the Henry's law constant H,
where H=[X], /Px, with Py being the gas-phase equilibrium pressure and [X], the

concentration of X in solution.

Reaction in the bulk can happen close to the surface or over the whole bulk of the

particle depending on the rate of the reaction compared to diffusion.

Reactions at the interface have to be considered in some cases as well. These happen
by formation of interface species which can react at the surface before or without
being taken up into the bulk of the particle. The two main types of surface reactions
are: gas-surface reactions (Eley-Rideal), with direct reaction of gas phase species with
surface species upon collision without an adsorption step, and surface layer reactions
(Langmuir-Hinshelwood), where the gas phase molecules need to be adsorbed to the

surface first.

The measured net uptake can be related to the above mentioned processes and these
physical and chemical processes are often treated in terms of the resistor model for
gas-particle interaction (Davidovits et al., 2006, 2011; Hanson et al., 1994).
According to this model, the net uptake of a gas to a particle (yt) can be treated,
under appropriate steady state conditions, in terms of an electrical circuit with

‘conductances’ I associated with each process, which reflect rates normalized to the
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rate of gas-surface collisions. Under these conditions the individual processes can be
treated as being not coupled. The overall resistance to the uptake on a particle would

then be:

1 1 1 1

— =t Eq. 1.4
Yo T, @, T +T (Eq. 1.4)

sol brxn

where I, 1s the conductance for gas phase diffusion, I, for solubility and diffusion
into the bulk and I'yx, that for reaction in the bulk. By solving the diffusion equation
for the cases in question, the following normalized rates of gas phase diffusion,
solubility and bulk reaction (Finlayson-Pitts and Pitts, 2000; Pdschl et al., 2007) can
be obtained:

_ Kn(l1+Kn)
€~ 0.75+0.28Kn (Fa-1.5)
r - 4HRT | D,
sol W 7t (Eq 16)
A4HRT
1_‘brxn = W lel (Eq. 1.7)

where Kn is the Knudsen number, defined as 6Dy/wd,, D, is the gas phase diffusion
coefficient of the reacting species, d, is the particle diameter, ® is the average
molecular velocity, H is the Henry’s Law constant, R is the gas constant, 7 is the
absolute temperature, D is the diffusion coefficient in the liquid phase, ¢ is the gas-
liquid interaction time and k' is the pseudo first order rate constant for loss within the
liquid phase.

Obviously, this presents various possibilities for combinations of fast and slow gas

transport, solubility and bulk reaction. Considering all this possibilities would be



26 |

outside the scope of this thesis and for a more thorough elaboration of the various
cases please refer to (Davidovits et al., 2006; Finlayson-Pitts and Pitts, 2000; Hanson
et al., 1994). The situation can be simplified by making some assumptions regarding
the system. The first assumption is that gas-phase diffusion constraints can be
neglected, which is a reasonable assumption for small particles (<500 nm) and
moderate uptake coefficients (<0.05). At such high end values, and taken into
consideration a N,Os gas-phase diffusion coefficient of 10” m*/s (Anttila et al., 2006),
the term 1/ I'y is equal to 1.187, which corresponds to a ~6% correction on the overall
uptake coefficient. At expected uptake values of 107 or lower the correction value
goes below 1%. It can be likewise assumed that the reaction is faster than solubility
equilibration (governed by diffusion into the bulk) (I'so} << I'prxn). Such an assumption
is warranted when in the presence of a well-mixed system, where characteristic times
for diffusion through the bulk of submicron particles are sufficiently short. Under
these circumstances, the overall uptake coefficient for uptake on a liquid surface

simplifies to:

1 1 10

=— Eq. 1.8
Ve @ AHRTADK’ (Fa-15)

For small aerosol particles a correction factor has to be applied that takes into
consideration the spherical geometry of the particle and the competition between

diffusion and reaction (Hanson et al., 1994). The overall equation then becomes:

1 1 @ 1

=—+
Yue % AHRT+ Dk’ cothg—1/¢q (Eq. 1.9)

The reacto-diffusive parameter ¢ is defined as:

q=— (Eq. 1.10)
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Where r is the radius of the particle, / is the reacto-diffusive length and &' is the

pseudo-first order reaction constant:

I=.— (Eq. 1.11)

The reacto-diffusive length is the characteristic distance a particle will diffuse towards
the bulk before reacting. When ¢ > 1, the reacto-diffusive length becomes larger than
the radius and the reaction occurs throughout the volume of the particle. In this case

the reaction is no longer limited by diffusion and the process is volume limited:

1 1 o S o S,

— p

B * = Eq. 1.12
Ve @, 4HRTK'V ~— 4HRTK'V, (Eq. 1.12)

where S,/V, is the ratio between particle surface area and particle volume. In such
situations the second term of the equation is much greater than 1/a,, and the equation
can be approximated as in Eq. 1.12. If, on the other hand, ¢ << 1 then / is small
compared to the particle radius and the mechanism is dominated by reaction near the

surface, with the kinetics as given in Eq. 1.9.

1.5. Scope of the thesis

The scope of the thesis was to give a detailed look at some aspects of N,Os reactivity,
which still present open questions. N,Os is a fairly significant trace gas and
uncertainties with regards to kinetic data can lead to significant limitations in
predictive power of large-scale atmospheric model parameterizations. There are
several challenges that influence the connection between laboratory results and
atmospheric behavior of aerosols with respect to trace gas uptake in general and N,Os

in particular.
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Results obtained from lab studies may not be representative in terms of the degree of
internal mixing present in atmospheric aerosol because of a wide range of aging
processes present in the field, which could bring about significant changes in
composition with increased photochemical age (De Gouw and Jimenez, 2009; George

et al., 2008; Takegawa et al., 2006; Volkamer et al., 2006).

The physical state has a strong influence on the reactivity of N>Os with aerosols
(Gross et al., 2009; Mozurkewich and Calvert, 1988; Thornton et al., 2003) and
predictions based on lab studies cannot easily replicate field results (Brown et al.,
2009) nor can unequivocal physical states of aerosols be predicted easily because of a
wide range of parameters that influence them, potentially requiring advanced methods
to describe the changes that can happen with aerosol aging (Shiraiwa et al., 2011;
Zaveri et al., 2010). Besides liquid and solid particles, new insights into organic
aerosol physical state show that these aerosols often have viscosities intermediate
between conventional liquids and solids, with important impacts on reactivity
(Abramson et al., 2013; Renbaum-Wolff et al., 2013; Vaden et al., 2011). Recent
measurements suggest that viscosity, and therefore diffusivity, may play an important

role in N,Os reactivity (Gaston et al., 2014).

Finally, the role of organics and surface composition has to be taken into account,
because of the large presence of organic aerosols in the environment (De Gouw and
Jimenez, 2009; Kanakidou et al., 2005; Zhang et al., 2007) as well as the complex
internal mixing that organic aerosols exhibit (Carlton et al., 2009; Flores et al., 2014;
Hatch et al., 2011; Walser et al., 2008). Composition effects may play a central role in
the reactivity of atmospheric organic aerosols (Rudich et al., 2007). The large range of
uptake coefficients for N,Os measured in the lab on a restricted number of organic
species (Griffiths et al., 2009; lannone et al., 2011; Xiao and Bertram, 2011) has
shown that predicting the reactivity of field aerosol will be a non-trivial pursuit.
Additionally, organic films that form on non-organic aerosol can reduce reactivity by

a significant amount (Anttila et al., 2006).

Measurements of N,Os reactivity in the field (Brown et al., 2009) and on ambient

aerosol particles (Bertram et al., 2009; Riedel et al., 2012) have shown that uptake is
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strongly influenced by chemical composition. Furthermore, the measurements have
shown that the observed reactivity values are more variable and up to a factor of ten
lower than predictions by large scale model parameterizations. Therefore, the
reactivity of N>Os with complex atmospheric aerosol, which is often composed of

mixtures of inorganic and organic components, is still relatively difficult to predict.

These factors represent some of the major open issues still present in atmospheric
chemistry, and this work will try to address some of them. The discrepancies that exist
between field measurements and predictions based on laboratory studies have been
attributed by Brown et al. (2009) and Bertram et al. (2009) to organic aerosol. Riedel
et al. (2012) attribute it to nitrate loading. The effect of organics on reactivity has been
until recently studied primarily with an emphasis on the impact of surface active
organic species on the mass transfer of N,Os. However, other factors, like high
viscosity in secondary organic material, have not been addressed thus far and have
only recently come to attention. The first goal of this work is to expand the knowledge
of the impact that high viscosity has on reactivity and contribute to the developing
discussion on the topic. The underlying issue that links these, and indeed most studies
of N,Os is that the detailed mechanism has been lumped together because of the
difficulty of investigating the specific reactions. The overall uptake has been
presented as a net bimolecular reaction of an assumed hydrated N,Os species with
water or some other electrophile, and the various parameters like the Henry's Law
constant or the apparent/effective rate constants have been adjusted to fit the
measurements. However, the exact details of the mechanism, like reaction order, bulk
accommodation, reaction rates of the various reactions like N,Os dissociation and
recombination have not been investigated. The second goal of this work is therefore to
shed some light on these aspects of N,Os uptake, in particular bulk accommodation.
As an additional goal the instrumental development related to *N,Os production is a

necessary step in the above mentioned investigations.

The related research work is presented as follows:

The first step was to prepare an experimental setup for the measurements and devise

and optimize a *N,Os production method. Chapter 2 shows the work on this problem,
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with an in depth look into "*N isotope production, N,Os gas phase kinetics modeling

and instrumental build-up.

Chapter 3 deals with uptake of N,Os on citric acid over a wider relative humidity
(RH) range. The motivation for this study was to investigate reactivity on an organic
aerosol which could act as a proxy for highly oxidized organic species present in
secondary organic aerosol (SOA) in the atmosphere. Additionally, citric acid presents
viscosities which are expected to be more compatible with real-world organic aerosol
values than aerosol matrices used in other studies available to date (Griffiths et al.,

2009; Iannone et al., 2011; Thornton et al., 2003).

Chapter 4 covers the investigation into N,Os uptake on nitrate aerosol and the nitrate
effect, which refers to the apparent reduction of N,Os reactivity on nitrate aerosol
when compared to other inorganic aerosols like sulfates. Of particular interest was to
observe if the unique properties of the °N radioactive tracer could be leveraged to

give an insight into specific processes like bulk accommodation.

Chapter 5 contains a summary of the experimental work and results, with an outlook

on future avenues of research.
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Summary. Dinitrogen pentoxide has aroused significant interest in atmospheric
chemistry because of its importance in the night time chemistry of nitrogen oxides to
influence the tropospheric oxidation capacity. We have used an established method of
BN production to synthesize 3N labeled N1Os for the first time in order to study N,Os
uptake kinetics on aerosol particles. BN is produced via the °O(p, a)"*N reaction in a
gas target attached to the IP2 endstation of the Injector 2 cyclotron at PSI. The *NO
produced in the gas target is transported to a laboratory where it is mixed, under dry
conditions, with non-labeled NO and O; in a gas reactor, giving 13NNOs. The N,Os
thus produced is fed into an aerosol flow tube together with a humidified aerosol gas
flow. The gaseous species present in the resulting gas flow are selectively separated
via a narrow parallel plate diffusion denuder system, while aerosol particles can be
trapped on a particle filter placed at the end of the denuder system. The activity of the
PN labeled species trapped on the denuder plates and in the particle filter can be

monitored via scintillation counters.

A system for the routine online production of °N labeled N,Os has been assembled
and used to assess the conformity of the results by kinetic modeling of gas phase N,Os
chemistry, showing good agreement. A few exemplary experiments of uptake of
labelled N,Os to ammonium sulfate and citric acid particles are presented that are in

good agreement with results obtained with other methods reported in the literature.

2.1. Introduction

During the last two decades the compound N,Os has been the topic of many studies in
the field of atmospheric chemistry due to its significant role in the nighttime
tropospheric NOy chemistry. Its formation starts with oxidation of NO, to NOs3
radicals by ozone (R2.1) followed by a reaction with NO; that yields N,Os (R2.2).

NO, +0,——>NO, +0, (R2.1)

NO, +NO,._°N,0,  (R22)
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Daytime formation of N,Os is inefficient because of the short photolytic lifetime of
NOs (~1 s); however, during the night N,Os can reach concentrations of up to 10-15
ppb in polluted atmospheres and thus may play an important role in nighttime
tropospheric chemistry (Finlayson-Pitts and Pitts, 2000). During nighttime the
concentration of N>Os (as well as NO; and NO,) is controlled by the equilibrium
established between N,Os formation and N,Os loss due to thermal decomposition

(R2.2).

The importance of N,Os stems from its role as a NO; radical reservoir as well as
being a major sink for NOy species due to the fast heterogeneous hydrolysis reaction
with water molecules (R2.3) on aerosol and ice surfaces (Chang et al., 2011; Wagner

et al., 2008).

N,O, + H,0—»2HNO, (R2.3)

Particle phase nitric acid formed via this heterogeneous reaction may then be removed
from the atmospheric cycle via wet or dry deposition. Due to the equilibrium that
exists between NO,, NOs and N,0s, removal of the latter reduces the first two which
leads to a reduction of tropospheric ozone, thus lowering the oxidizing capacity of the
troposphere (Dentener and Crutzen, 1993; Evans and Jacob, 2005; Finlayson-Pitts and
Pitts, 2000).

Because of the impact of N,Os on ozone formation and the effect that removal via
hydrolysis on aerosol particles has on the overall budget, uptake kinetics of N,Os on
aerosols have been an important topic of study. The loss rate of N,Os to aerosol
particles is determined by the available surface area and the efficiency of the gas
phase-aerosol interaction process. It is characterized by the uptake coefficient y,
defined as the probability that a gas kinetic collision of a molecule leads to its uptake
at the interface. Studies have been conducted on various types of aerosol particles
such as NaCl/sea salt aerosols (Thornton and Abbatt, 2005), ammonium sulfate or
nitrate particles (Badger et al., 2006; Wagner et al., 2005; Wahner et al., 1998),
organic aerosols (Griffiths et al., 2009), mineral dust (Tang et al., 2012; Wagner et al.,
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2008) and soot (Karagulian and Rossi, 2007). Various detection methods have been
used, Cavity Ring-Down Spectroscopy (CRDS) (Brown et al., 2009) and Chemical
Ionization Mass Spectrometry (CIMS) (Gross et al., 2009) have been particularly
popular. CRDS is an optical method that uses a dye laser to inject a laser beam
between two mirrors of high reflectivity placed in a cavity. The concentration of the
analyte is determined by monitoring the decay of the laser intensity within the cavity
with time, the decay rate being directly proportional to the species concentration (in
this case NOs). Thermal conversion of N,Os to NO; in a second, heated channel
provides simultaneous measurements of the sum of NOs; and N,Os. The method
provides very low detection limits (down to the 1-5 pptv range), and allows for
parallel measurements of NOs and N,Os. It can operate at ambient pressure and is
relatively compact and thus suitable for field studies. CIMS 1is based on a selective
ionization process resulting from a reaction between a reagent ion and the analyzed
species followed by mass spectrometry of the resulting ions. Also this method is
highly sensitive (10 pptv range) and the reagent ion used for N,Os studies (I') is
reasonably specific for either NO; or N,Os, ionizing both species to NO;™ detected at
62 amu. The principal drawback of the method is that it cannot differentiate between
NO; and N;Os, and under typical operating conditions often non negligible

background noise at 62 amu appears.

While the above mentioned measurement methods have many advantages, they still
present some disadvantages that are non-negligible, such as difficult operation under
high relative humidity or the fact that in laboratory studies N,Os uptake by aerosol
particles can only be derived by following its loss from the gas phase. Instead, we
have used the short lived "*N radioactive tracer technique developed at the Paul
Scherrer Institute (Ammann, 2001; Guimbaud et al., 2002). This technique has been
used already to study the uptake kinetics of other nitrogen oxides such as HNOs;
(Vlasenko et al., 2006) and NO, (Sosedova et al., 2009) to aerosols and of NOy to ice
surfaces (Bartels-Rausch et al., 2002; Bartels-Rausch et al., 2011; Ulrich et al., 2012),
by labeling them with "N, a short-lived isotope with a half-life of 10 min. N is well
known as a positron emitter and also used in positron emission tomography (PET) for
medical purposes (Miller et al., 2008). In our application, we trace uptake in the

particulate phase by monitoring the radioactive decay of *N labeled N,Os absorbed
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on aerosol particles while working under realistic ambient temperature and humidity
conditions. In this study we will detail the method of production of *N,Os and the
experimental setup to study the uptake kinetics on aerosol particles as well as report a
few exemplary measurements on aerosol particles to benchmark against other
methods. To our knowledge this is the first time that BN labeled N,Os has been

produced for experimental purposes.

2.2. Experimental

2.2.1. General layout of the experiment

Using the short-lived radioactive tracer °N allows for the study of heterogeneous
kinetics under realistic conditions, and experiments can be performed at very low
trace gas concentrations (down to a hundred pptv) and in presence of high relative
humidity. 3N labeled NO is mixed with Os in a first reactor to produce 13N205, which
is then fed into an aerosol flow tube where it can be mixed with aerosols to perform
heterogeneous kinetics experiments. The resulting flow is then directed into a parallel
plate diffusion denuder system where the gaseous and particle phase products can be
selectively separated and trapped on coated denuder plates and a particle filter,
respectively. By monitoring the decay of *N on each trap it is possible to derive
simultaneously the concentration of the various "N labeled species in the gas and
particle phase. Figure 2.1 shows a schematic diagram of our experimental

arrangement.
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Fig. 2.1. Schematic representation of the experimental arrangement. N,Os is synthesized in the first
reactor. Mixing with aerosol is achieved in an aerosol flow tube with movable inlets which allows to
adjust the reaction time. The resulting gas flow is directed into the parallel plate denuder system where
4 sets of plates covered with denuder coatings (citric acid and NDA) are used to selectively separate the
gas phase products. The particle phase products are trapped on the particle filter. Gamma detectors are

used to monitor the activity of the products. SMPS denotes the scanning mobility particle sizer.

2.2.2. Production and transport of BNO

At the Paul Scherrer Institute "°NO has been produced for the purpose of tracer
experiments in atmospheric chemistry since about two decades. A detailed description
of the method has been described earlier (Ammann, 2001). Briefly, "°N is produced
via the '°O(p, a)"’N reaction in a gas-target by irradiating '°0 with about 11 MeV
protons at around 10 pA intensity. Developed from an earlier design (Ammann, 2001),
the gas-target is a conically shaped aluminium flow reactor attached to the Isotope
Production Station IP2 at a branch of the Injector II cyclotron at PSI. The primary
proton beam with an energy of 72 MeV is passed through a first degrader to bring the
energy down to 35 MeV. The window into the "°N target, consisting of two water

cooled aluminium windows, is designed such that the energy of the protons at the
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entry into the gas volume is further degraded down to about 11 MeV. The further
degradation within the gas target depends on pressure, which was kept at 2.5 bar, and
a continuous 1 I/min STP flow of 20% O, in He (all flow rates are given in volumetric
flow normalized to standard temperature and pressure) is passed through the target.
This pressure was also constrained by other boundary conditions of our experiments
and not adjusted to optimize *N production according to the detailed structure of the
excitation function for the '®O(p, a)'’N reaction (Qaim, 2001; Sajjad et al., 1986).
Highly oxidized and reactive forms of nitrogen oxides are produced and chemically
converted to "NO over a Mo converter (at ~380 °C) connected to the gas-target in
order to facilitate transport. As discussed in our earlier study (Ammann, 2001),
quantitative N output is difficult to achieve, likely due to chemical losses on
surfaces before the Mo converter. Non-labeled nitrogen oxide species (at around 8
ppbv) are also produced from nitrogen impurities in the carrier gas and likewise
converted to NO. Only a very small fraction of the overall NO produced contain the
tracer atoms (below ppt levels), Additionally, trace amounts of carbon monoxide or
carbon dioxide are formed from organic impurities present in the gas feed. The
resulting "NO containing gas is then continuously transported to the laboratory via a

580 m long PVDF tube (inner diameter 4 mm).

2.2.3. Production of *N,Os

In the laboratory, selected amounts of the target gas flow (typically 50 ml/min) can be
mixed with variable amounts of N, and certified amounts (1 ml/min) of non-labeled
NO from a gas cylinder (10 ppm in N;) allowing to cover a wide range of NO
concentrations in the ppb range. Possible traces of HONO are removed by using a

Na,COs trap.

The *NO gas flow is directed into the N,Os reactor where it is mixed with a flow (50
ml/min) containing ozone (~4 ppmv in this reactor) in order to generate ’N labeled
N2Os via reactions (R2.1) and (R2.2). O; is produced by passing a flow of 10 % O, in
N over a UV lamp (185 nm wavelength). The N,Os reactor is covered with a shroud
in order to prevent NO; photolysis and thus loss of N,Os. Additionally, in order to
minimize losses due to heterogeneous hydrolysis on the walls, N,Os production is

conducted under dry conditions, and the walls of the reactor are covered with PTFE
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foil. The resulting gas flow (101 ml/min) is then fed into the flow tube reactor, where

it is mixed with the aerosol flow (720 ml/min).

2.2.4. Modeling of gas phase BN,05 production

As a support tool for the design of the experiment and to address issues such as the
slow formation of N,Os via reactions (R2.4), (R2.1) and (R2.2) versus the radioactive
decay of "*N with a half-life of 10 min, a modeling study of gas phase N,Os formation
has been carried out. The kinetics was based on the recommendations of the [IUPAC
Task Group on Atmospheric Chemical Kinetic Data Evaluation (Atkinson et al.,
2004) and the NASA Panel for Data Evaluation (Sander et al., 2011). Modeling work
has been performed in Matlab using ODE (ordinary differential equation) solvers and
using temperature, pressure, time, reactor geometry and starting concentrations for
NO and Os as input variables. Wall loss was also incorporated into the model. Overall
12 reactions have been included in the model (R2.4-R2.15). The rate coefficients
listed beside the reactions are given at standard temperature and pressure. In the
computer model pressure and temperature dependence of the rate coefficients as

recommended in the above mentioned data bases has been included.

NO+0O,——>NO, +0, k=1.8x10"* cm’ molecule” s™ (R2.4)
NO, + 0, ——NO, +0, k=3.5x10"" cm’ molecule™ s’ (R2.5)
NO, +NO, —% >N, 0, k=28.8x10"" cm’ molecule™ 5™ (R2.6)
N,0,—%5NO, +NO, k=6.9x107s" (R2.7)
2NO + 0, —>2NO, k=2.0x10* cm® molecule™ s™ (R2.8)
NO +NO, —5N,0, k=7.66x10"" cm’ molecule s’ (R2.9)
N,0,—%~5NO+NO, k=3.6x10°s"" (R2.10)
NO + NO, ——2NO, k=2.6x10"" cm’ molecule™ s™! (R2.11)
2NO, —“>»N,0, k=1.0x10"* cm’ molecule™ s (R2.12)

N,0, —%52NO, k=4.4x10°s"" (R2.13)
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NO, +NO, ——>NO+NO, +0, k=6.76x10"° cm’ molecule’ s'  (R2.14)

2NO, ——2NO, +0, k=2.42x10"° cm’ molecule™ s*  (R.215)

The model allowed us to analyze the influence of O3 and NO concentrations on N;Os
production and its temperature dependence as well as estimating the N,Os/NOj ratio
in the gas phase. The resulting estimates and predictions were used in the
experimental design phase to optimize the production of N,Os as well as to

benchmark our N,Os production process to the known gas phase kinetic data.

2.2.5. Aerosol generation and characterization

The aerosol was produced by nebulizing a 0.07% (by weight) solution of citric acid
(HQ, Fluka, >99%) or of 0.69% wt. solution of ammonium sulfate in MilliQ water by
means of an ultrasonic nebulizer. Citric acid was used as a proxy for a generic organic
aerosol while ammonium sulfate was chosen because of the wealth of experimental
data already available in the literature. The mist droplets formed were dried by
passing the flow through a Nafion membrane diffusion dryer. The sheath gas outside
the Nafion membrane was humidified such that the resulting aerosol flow had the
relative humidity intended for the experiment by avoiding efflorescence of the
particles in experiments below the deliquescence relative humidity. In order to avoid
uncontrolled losses of charged aerosol particles to the insulating walls of tubing and
the aerosol flow reactor, the acrosol flow was passed through a **Kr ion source, to
establish an equilibrium charge distribution, followed by an electrostatic precipitator
removing all charged particles. After that the aerosol flow was fed into the aerosol

flow tube.

When aerosol was used in the experiments, measurement of its surface area to gas
volume ratio was performed with a Scanning Mobility Particle Sizer (SMPS). This
system consists of a homemade *’Kr source to establish charge equilibrium of the
aerosol, a differential mobility analyzer (DMA, TSI 3071) and a condensation particle
counter (CPC, TSI 3022). Since the aerosol water content and consequently the
particle diameter and aerosol surface to volume ratio strongly depend on relative

humidity, filtered carrier gas from the flow tube was used as sheath gas in the DMA in



48 |

order to keep the two flows in equilibrium. Aerosol sampling was conducted at an
outlet directly behind the aerosol flow tube, where additionally other instruments such

as NOy or Oj analyzers could be connected as well.

2.2.6. Aerosol flow tube

The aerosol and N,Os containing gas flow were mixed together in the cylindrical
aerosol flow tube composed of a PFA tube with an inner diameter of 7 cm and a
movable inlet and outlet that allow adjusting the length of the aerosol — gas interaction
zone and thus the reaction time inside the flow tube. The gas flow is introduced via a
conically shaped gas inlet along the axis of the flow tube. The aerosol flow is
introduced into the flow tube via a fixed injector which protrudes from the side of the
conical inlet. The injector is a 6 mm diameter Inox steel tube bent in such a way that
the injector nozzles are equidistant from the reactor walls and the aerosol flow is
injected perpendicularly to the gas flow. When the outlet is pushed all the way in to
the minimum position inside the flow tube, the reaction time is minimum (~10 s),
while pulling the outlet to the maximum position one can achieve a reaction time of
60 s. The flow tube is operated under laminar flow conditions and it is assumed that a
laminar flow profile is established a few cm downstream of the aerosol injector. PFA
has been chosen in an attempt to minimize N,Os losses to the wall. While losses are
lower than with a glass tube reactor, they are still substantial when operating under

humid conditions.

2.2.7. Detection system

Following the aerosol flow tube, the combined gas flow was directed towards the
parallel plate diffusion denuder system. A T-connector was placed between the two in
order to allow connecting the SMPS system or a NOy or O3 detector. Upon entering
the denuder train the gaseous species (N,Os and NO,) are separated on different
chemically selective coatings by lateral diffusion. The sub-micron aerosol particles
have a small diffusivity and pass through the denuder unobstructed with almost 100%
efficiency. Gaseous N,Os (and the small amounts of NO; present) was collected on

the first set of denuder plates coated with citric acid, prepared from a 2 wt.% solution
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in 50% methanol/water. Citric acid has well documented hygroscopic properties
(Peng et al., 2001) and mixes well with water, thus facilitating coating preparation. It
also forms a solution down to low relative humidity and thus maintains reactivity also
in experiments at low relative humidity. The citric acid coating was applied to the first
and second denuder plate set; the former to capture N,Os, the latter to monitor the
interference of NO, on the citric acid coating. The third and fourth sets of denuder
plates were coated with NDA (N-(1-naphtyl) ethylene diamine dihydrochloride)
mixed with KOH (1% solution with 1% KOH and 10% water in methanol). NDA
absorbs NO, very efficiently and the basic coating assures that the nitrite product
stays on the surface. Two denuder plate sets with NDA were used, because NDA is
sensitive to ozone present in our system and is depleted rapidly, so the second denuder
plate is used to extend the available experimental time. Fresh coatings were prepared
and applied every day. After passing the denuder system, the aerosol particles were
captured by a glass fiber filter. '’N decay results in the emission of a positron, which,
upon annihilation with an electron, results in the coincident emission of two y-rays in
opposite directions. To each trap (the coatings and filter) a separate Csl scintillator
crystal with integrated PIN diode detector was attached (Carroll and Ramsey, USA),
which detects the gamma quanta emitted after decay of the °N atoms. The detector
signal is converted to the flux of the gaseous species into the trap using the inversion
procedure reported earlier (Guimbaud et al., 2002; Kalberer et al., 1996). This flux is
proportional to the concentration of the species in the gas phase. The relative counting
efficiency of the various y-detectors was determined by exposing in turn each of the
detectors to a glass fiber filter on which a drop of a **Nal solution was deposited, in a
way that closely mimics the geometrical configuration at each trap. Additional
information about coating preparation, traps and measurement efficiencies can be

found elsewhere (Ammann, 2001; Guimbaud et al., 2002).

2.3. Results and Discussion

2.3.1. Gas phase production of *N,Os

Our experiments dealing with production of PN,0s were conducted with a 4 min

residence time in the N>Os reactor and 1 min residence time in the aerosol flow tube
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in order to simulate default operating settings also used for the aerosol experiments
reported further below. These settings resulted in an NO concentration of 99 ppbv and
an O3 concentration of ~4 ppmv in the N,Os reactor. The resulting gas flow was fed
into the flow tube, together with the flow from the aerosol gas line. The ultrasonic
nebulizer connected to this gas flow line was turned off (and thus no aerosol was
generated) since only gas phase kinetics were studied in this step. The humidity inside
the aerosol flow tube was kept at ~27% RH (humidified aerosol gas flow). Figure 2.2
shows the resulting N>,Os and NO, gas phase signals measured at the parallel plate

diffusion denuder system.
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Fig. 2.2. Production of gas phase BN,Os: dark blue: first citric acid denuder signal (gas phase N,Os);
light blue: second citric acid denuder signal (NO, interference on citric acid denuder); red: NDA

denuder signal (gas phase NO,)

N>Os and NOs are absorbed on the first denuder plate set coated with citric acid. The
second citric acid coated plate set, which is placed after the first, shows the NO,
interference signal on the citric acid coating. Finally, the NDA coated denuder plate
set gives the NO, signal. When *NO and non-labeled NO were fed into the system

(12:46), the activity on all coatings increased. The signals originate from the

Detector signal (counts/min)
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background of ’NO decaying in the gas phase while passing through the denuder
system and the filter and from small amounts of ’NO, and HO'>’NO formed along the
flow system that were trapped in the first citric acid coating. When Oz was turned on
for the first time a marked increase of the signal on the first citric acid denuder plate
set occurred due to N,Os (and NOs, see below) that was formed. The signal derived
from the second citric acid plate set shows a modest increase that is due to the NO,
interference on the citric acid coating. Lastly, the NO, signal shows a significant
increase due to its formation from NO and O;. When Oz was turned off, the N,Os
signal dropped rapidly while the other two signals did so gradually. The dynamic
response of the NO; signal in between is discussed below. The certified NO flow was
then doubled to 2 ml/min (14:23, 196 ppbv in N,Os reactor) and O; was turned on
again. The signals have a behavior similar to the earlier ones, but with an increase in
levels that can be attributed to the higher NO concentration (see model calculations
below). The plotted signals also give some indication of the transient behavior of the
gas phase system. In particular, peaks in the NO; signal can be noticed shortly after
O; was turned on and off. This is due to the kinetics of the reactions involved and in
particular (R2.1), (R2.2) and (R2.4). When O3 was turned on we observed the fast
titration of NO to yield NO, (R2.4). The subsequent reaction of NO, with O3 to give
NO; (R2.1) is about 3 orders of magnitude slower than (R2.4). As NO, was
transformed into NOj; the NO, signal diminished until it reached a steady-state level.
When O; was turned off, the faster reaction R4 consumed the remaining O; to
effectively suppress reaction (R2.1) and thus NO, was no longer converted to NOs.
This brought about another increase of the NO, signal before it gradually decreased as

the rest of the O3 was consumed.

2.3.2. Comparison with model

In order to obtain a quantitative value for the N,Os signal measured at the parallel
plate denuder system we connected a NOy analyzer (ML 9841A) at the T connector
behind the aerosol flow tube reactor. In this way we were able to measure the NO,
concentration in the system and consequently calculate the N,Os concentration in the

gas and particle phase from the "NO, and *N,Os signals observed on the denuder
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plates and particle filter. Thus we were able to calibrate the setup and assign a

concentration value to the denuder plate and particle filter signals.

The next step in the process was to evaluate the wall loss in the aerosol flow tube. The
wall uptake represents the loss of gas phase N,Os due to hydrolysis on the walls of the
flow tube. Measurements were performed by varying the flow tube length (residence
time) and measuring the gas phase N,Os concentration in the reactor at each length.
Flow tube lengths from 0 cm (10 seconds) to 20 cm (60 seconds) were evaluated,
using the 10 sec position as the starting point as shown in the resulting decay plot

(Figure 2.3).
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Fig. 2.3. Decay plot of N,Os vs. reactor length fitted to the measured data using the CKD method

The measured, pseudo-first order loss rate constant &, was determined to be equal to
9.5x107 7!, giving an effective coefficient of uptake on the wall (yyan) of 2.8x10°. A
correction of the observed uptake rate for diffusion in the gas phase using the Cooney-
Kim-Davis (CKD) method was applied (Murphy and Fahey, 1987), which yielded an
uptake coefficient of 3.7x10°.

Finally, a data comparison of N,Os formation from NO and O; with the model

calculation was performed. First, a model calculation was made for the N,Os reactor
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using the initial NO and Os concentrations therein. The resulting gas phase
concentrations obtained from the model (Figure 2.4a) were then corrected for dilution
by the aerosol flow into the aerosol flow tube. The model calculations were then
performed again, this time for the aerosol flow tube, taking into account the
experimentally measured &y, (Figure 2.4b). Thus the whole experimental system can
be accounted for (N,Os reactor + flow tube reactor) and modeled as a single entity.
The experimental results appear in good agreement with the data obtained from model
calculations, although the expected concentrations were slightly lower than the
measured ones. Note that the slope was constrained by the &y, measurement and thus
consistency of the modeled slope with the measured slope for N,Os with time is not
surprising. However, the model estimates the absolute concentration level fairly well.
The difference between model and measurement is probably at least in part due to the
value of kyan (and pwan respectively) for the N,Os reactor that we used in the model
calculations and that remained an adjustable parameter. It should be noted that, as
mentioned in the experimental section, it is not possible to distinguish between N,Os
and NOj in the gas phase since both are taken up efficiently on the denuder coating.
The contribution of NOj to the overall signal depends primarily on temperature, since
the decomposition of N,Os to its precursors is a thermally driven process. At STP the
NOs concentration is roughly one order of magnitude lower than that of N,Os. Figure

2.4b shows this contribution.
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Fig. 2.4. Gas phase model graphs: (a) N,Os reactor with residence time of 195 sec; (b) flow tube
reactor with residence time of 60 sec (calculated using the measured ky,). Full lines represent modeled
values using 196 ppb initial NO concentration, dashed lines using 148 ppb initial NO concentration.
The data points represent measured values using initial NO concentrations of 196 ppb (full points) and

148 ppb (open points).

The uptake coefficient on the wall for the N,Os reactor was not measured; however,
taking into consideration the values obtained for the aerosol flow tube and the fact

that N,Os synthesis is performed under dry conditions, a conservative value in the
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range of 1-5x107 has been assumed by fitting the model to the experimental data. As
mentioned above, this has given good results. Changing the value to 10 gives N,Os
levels slightly above those measured, while the NO; levels show negligible changes.
On the other hand, when using a value of 10, the N,Os level is lower by roughly a
factor of two compared to measured results, while the NO, levels decrease as well,
albeit not so strongly. As far as the aerosol flow tube is concerned, increases in yyay
and kyay (for example in cases of higher humidity) bring about a strong drop in N;Os

levels, while NO; levels show negligible changes.

2.3.3. Uptake by aerosol

An exemplary measurement of N labeled N,Os uptake by citric acid aerosol
particles at 27% relative humidity and a N,Os concentration of ~5 ppbv is shown in
Figure 2.5. When aerosol was fed into the system by switching on the ultrasonic
nebulizer, uptake was observed by measuring an increase in activity on the particle
filter. At the same time the gas phase N,Os signal slightly decreased, corresponding to
a drop in gas phase concentration by 0.31 ppbv. However the resulting aerosol signal
accounts for only 0.16 ppbv lost from the gas phase. This is the result of the complex
interplay of wall loss and uptake by the particles under conditions where the apparent

wall loss is larger than the loss to the particles.

By applying the principles of gas-aerosol interaction kinetics (Eq. 2.1), we can
analyze the net uptake kinetics from the signal in the aerosol phase and the measured

wall loss rate constant in absence of aerosol.

(Eq. 2.1)

where Cg(’zo) is the initial gas-phase concentration of N,Os at time zero, Cp(’) is the
concentration of N,Os in the particulate phase, &;, is the constant for the heterogeneous

reaction between gaseous N,Os acid and aerosol particles and ky, describes the N,Os
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loss to the wall (Guimbaud et al., 2002). The heterogeneous rate constant &, is related

to the uptake coefficient y according to Eq. 2.2:

4k, _[8RT
"7 w TN (E2.2)

where S, is the aerosol surface to volume ratio, w is the mean thermal velocity of
N,Os, R is the gas constant, T is the absolute temperature and M is the molar weight

of N205.
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Fig. 2.5. N,Os interacting with citric acid aerosol (295 K, 26% RH): purple: first citric acid denuder
signal (gas phase N,Os); dark yellow: signal from particle filter multiplied by a factor of 10 (particle

phase N,Os or nitrate); dark red: SMPS signal (aerosol surface/volume ratio)

In the experiments that were conducted, the surface to volume ratio of the aerosol was
varied by changing the settings at the ultrasonic nebulizer. From the obtained
experimental data the value of the uptake coefficient for citric acid at 27% RH has

been estimated at 1.4+0.4x107.

An experiment was also conducted using ammonium sulphate aerosol at 52% relative

humidity (Figure 2.6). It becomes immediately apparent that the signal on the
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particles scales with the aerosol surface area. Since this experiment has been
performed at higher humidity than the one with citric acid shown above, the
background signal of N,Os in absence of aerosol is lower due to a larger value of &ya.
Surprisingly, we observe a small but significant increase in the N>Os (g) signal in
presence of aerosol. The characteristic gas — aerosol separation time in the denuder is
about 30 ms per pair of coated plates. Since the time scale for diffusion of a dissolved
species through the submicron particles is on the order of microseconds, there is
enough time for any dissolved N,Os to escape and being trapped. However, we also
see a corresponding increase of the signal in the second pair of denuder plates we use
for assessing the NO, interference. This indicates that there is also a slow process
leading to evaporation of N,Os. The fate of dissolved N,Os is the disproportionation
into NO," and NO5". It is therefore likely that the slow evaporation of N,Os out of the
particles over time scales of about 100 ms or more may be limited by the kinetics of
the back reaction of NO," and NO;". There is also the possibility that HNOs, the
product of N,Os uptake, is evaporating from the particles (Mentel et al., 1999;
Wahner et al., 1998). In spite of its strong degree of dissociation, a small amount of
undissociated HNOs exists within the particles that remains in equilibrium with the
gas phase. However, we would expect that stripping off excess HNO3; would only be
limited by the time scale of diffusion through the particles, which is on the order of
microseconds. The fact that the increase in signal also occurs on the second citric acid
coating could thus only result from additional HNO; formed from the reaction of
NO," with water after passing through the first denuder plate set, the extent of which
is in turn again limited by how long NO," remains available before being converted

back to N,Os.
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Fig. 2.6. N,Os interacting with ammonium sulphate particles at different aerosol S/V ratios (295 K,
52% RH): purple: first citric acid denuder signal (gas phase N,Os); dark yellow: signal from particle

filter (particle phase N,Os or nitrate); dark red: SMPS signal (aerosol surface/volume ratio)

Using the data obtained we calculated the uptake coefficient for ammonium sulphate
at 52% RH, which is equal to 1.45+0.35x10™. This is in excellent agreement with

previously reported results (Ammann et al., 2013).

As can be seen in Fig. 2.6, the particle signal in the case of ammonium sulphate is
stronger than in the case of citric acid. This is consistent with the increased water
content in ammonium sulphate vs. citric acid aerosol (40 vs. 10 M) as calculated using
the Extended AIM Aerosol Thermodynamics Model (Clegg et al.,, 1998) and a
parameterization of the hygroscopic studies of citric acid (Zardini et al., 2008).
Assuming that the Henry’s Law coefficient (H) does not change with the ionic
strength of the solution, the increased water content increases the amount of dissolved
N;Os, and thus also the extent of the reversible disproportionation reaction of
dissolved N,Os with water to give NO," and NO5  in the aerosol phase. In turn, this
leads to an increased extent of reaction of NO," with water and thus increased net

uptake of N>Os from the gas phase.
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2.4. Conclusions and Outlook

We have produced "N labeled N,Os for the first time. An experimental setup has
been assembled for the study of uptake kinetics of N,Os on aerosol particles and has
been successfully tested. Gas phase N,Os production data has shown good agreement
with results obtained with a kinetic model. Measured data has shown that the
experimental method also gives insight into the dynamics of the gas phase system.
Routine production of N>Os in the ppb range has been achieved, allowing for further
studies involving "N labeled N,Os.

Additionally, aerosol uptake experiments were conducted in order to test the
experimental setup under realistic conditions. Uptake on citric acid aerosol has been
observed and quantified. Uptake on ammonium sulphate aerosol has likewise been
observed and an uptake coefficient has been measured that is consistent with that
reported in the literature for deliquesced ammonium sulphate. Since the method
allows tracing uptake in the particulate phase, this opens the way for further
experiments with other types of aerosols at a wider range of humidities as well as
temperatures. Of particular interest would be the possibility to monitor the exchange

with the particulate nitrate pool in nitrate aerosols.

Overall the study has shown the viability of the proposed method to produce N
labeled N,Os for atmospheric science related experimental studies, and in particular
the assembled setup and the related operating procedures will be used in future studies

of N,Os uptake kinetics on aerosol particles.
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3.1. Introduction

Nitrogen oxides play an important role in the chemistry of the troposphere. Together
with methane, carbon monoxide and volatile organic compounds (VOCs) they drive
the photochemistry of OH radicals and O3z production. Besides their daytime activity,
nitrogen oxides are also a major part of nighttime oxidation chemistry. In particular,
dinitrogen pentoxide has been recognized as a topic of considerable interest (Abbatt et
al., 2012; Chang et al., 2011). NO, reacts with O3 to give NOs. N,Os is formed via
reaction (R3.1).

NO, +NO,7_N,0,  (R3.1)

The concentrations of N,Os, NOs; and NO, are controlled by the rapid equilibrium
established between the reactions of N,Os formation and N,Os loss due to thermal

decomposition. N,Os hydrolyzes readily on aerosol surfaces, to give HNO3 (R3.2).

N,O, + H,0—>2HNO, (R3.2)

The detailed reaction mechanism of heterogeneous uptake of N,Os on aerosol
particles is complex and has been a topic of increasing interest (Hallquist et al., 2003;
Mozurkewich and Calvert, 1988; Wahner et al., 1998). The suggested elementary

steps of the mechanism are:

N,04, —>N,0; (R3.3)
N,04,y —>N,0;, (R3.4)
N,O0,,, —>NO},, +NO;.,  (R3.5)
NOZ,, +NO;,, —>N,0,.,  (R3.6)
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(aq)

NO,,

2(aq)

+H,0,, ——>HNO (R3.7)

(liq) 3(aq)

An essential aspect of the mechanism is that a reversible disproportionation
(R3.5/R3.6) precedes the actual reaction of the nitronium ion NO," with water (R3.7).
In case of nitrate being present in the particle phase there is a considerable reduction
of the uptake thanks to reaction R3.6 (Mentel et al., 1999). The aqueous HNO;
formed in reaction R3.7 can either deprotonate contributing additional nitrate to the
particle pool or evaporate from the particle, according to its volatility and acid-base
chemistry with other solutes in the system (Laskin et al., 2012). Water plays an
important role in the mechanism, not only for solvation of N>Os and hydration of the
nitronium ion, process but is also the main reaction partner of the nitronium ion in

absence of other nucleophiles.

N,Os acts as a sink for atmospheric NOy species, removing them via heterogeneous
hydrolysis on aerosols and therefore significantly impacting ozone production and in
general the oxidative capacity of the atmosphere. Because of this, N,Os uptake
kinetics on aerosols has been an important research topic. The loss of N,Os from the
gas phase to aerosol particles is characterized by the uptake coefficient y, which
represents the probability that a gas kinetic collision of a N,Os molecule leads to its
uptake at the interface compared to the overall collisional flux to the interface.
Dentener and Crutzen, by taking an estimate of y=0.1 on sulfate aerosol (based on
measurements by Hanson and Ravishankara (1991), Mozurkewich and Calvert (1988)
and Vandoren et al. (1991)) demonstrated the impact of N,Os on NOy, OH, and O3
global budgets (Dentener and Crutzen, 1993). These estimates have spurred further
experimental studies to determine uptake coefficients for a wide variety of aerosols.
Extensive studies on inorganic aerosols have shown that the primary factors
influencing the uptake coefficient in the range of 0.0001 to 0.05 would be relative
humidity (RH), phase, particle size and composition (Abbatt et al., 2012; Davis et al.,
2008; George et al., 1994; Hallquist et al., 2003; Hu and Abbatt, 1997; Karagulian et
al., 2006; Wahner et al., 1998). Additionally, supersaturated liquid particles have
shown uptake coefficients up to 1-2 orders of magnitude higher then corresponding
solid particles at the same RH, pointing to the importance of the hydrolysis reaction of
N2Os with the water present in the aerosol (Hallquist et al., 2003; Thornton and
Abbatt, 2005).
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The more recent recognition of the importance and pervasiveness of organic materials
in aerosols has prompted N,Os uptake studies on various types of organic and mixed
inorganic and organic aerosol particles (Anttila et al., 2006; Gaston et al., 2014;
Griffiths et al., 2009; Gross et al., 2009; Thornton et al., 2003). Hygroscopicity and
thus the water content of the organic aerosol component is an important factor in the
kinetics of N,Os uptake on organic aerosols. Hydrophobic organics do not necessarily
deliquesce but may rather form organic surface films or phase separated liquid
coatings and thereby may suppress y for N,Os significantly compared to pure
inorganic aerosols (Badger et al., 2006; Riemer et al., 2009; Thornton and Abbatt,
2005). Hygroscopic organics, due to their high water content, show values that in
some cases approach those for inorganic aerosols (Griffiths et al., 2009; Thornton et

al., 2003).

Several studies have been conducted analyzing the dependence of the uptake
coefficient of N,Os on hygroscopic organic aerosols (in solid and deliquesced form)
on the relative humidity (RH), mainly on polycarboxylic acids. Thornton et al. (2003)
have analyzed the uptake of N,Os on deliquesced malonic acid aerosol in a range of
10-70% RH, noting that at RH below 50% the uptake seems to depend in an almost
linear way on the water content, while at higher RH the dependence on water content
is lost, probably due to bulk accommodation limitations. Griffiths et al. have studied
the humidity dependence for several dicarboxylic acids (Griffiths et al., 2009). The
observed uptake coefficients for malonic acid were lower than those from Thornton et
al, which was attributed to the nitrate effect that suppresses uptake by increasing the
rate of reaction (R6); nitrate in these experiments would come from N,Os being taken
up into the particles during the residence time of the particles in the flow reactor used.
The uptake rates for succinic and glutaric acid were about one order of magnitude
lower than those for malonic acid. Both the data for malonic acid as well as those for
other dicarboxylic acids show a dependence on the water content at RH <50%,
indicating that uptake is limited by the rate of hydrolysis of N,Os in the bulk. Badger
et al. (2006) have found similar behavior for humic acid aerosol, although with uptake
coefficients significantly lower than for the previous compounds. Formation of a
surface organic layer has been suggested as a possible explanation for this observation.
In addition, the physical state of humic acid at low relative humidity is not well

established.
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Organic aerosols account for a significant fraction of atmospheric particulate mass
(Kanakidou et al., 2005). However there are still significant gaps in our knowledge
regarding the chemistry and physical state of organic aerosols, which leads to
significant discrepancies between atmospheric model predictions and field results (De
Gouw and Jimenez, 2009; Kanakidou et al., 2005; Zhang et al., 2007). Recent studies
have shown that the previous assumptions of low-viscosity, well mixed aerosol phases
are incorrect and that organic aerosols are frequently present in the semi-solid form,
with high viscosity and corresponding low diffusivity (Abramson et al., 2013;
Renbaum-Wolff et al., 2013; Vaden et al., 2011). Field measurements (Bertram et al.,
2009; Brown et al., 2009) have shown that the observed reactivity of N,Os on organic
containing aerosol particles can be up to a factor of 10 lower than the values predicted
by model parameterizations, which are based on laboratory measurements on

conventionally used organic compounds like malonic acid.

In this study we have investigated the uptake of N,Os on citric acid aerosol using the
short-lived °N radioactive tracer technique developed at the Paul Scherrer Institute
(Ammann, 2001; Grzini¢ et al., 2014). This technique has been used to study the
uptake of various types of nitrogen oxides, like HNO;s; (Guimbaud et al., 2002;
Vlasenko et al., 2009), NO, (Sosedova et al., 2009) or HONO (Gutzwiller et al., 2002)
on aerosol surfaces, or on ice (Bartels-Rausch et al., 2011). Citric acid was used as a
proxy for highly oxidized organic species found in secondary organic aerosol (SOA).
It has well-known thermodynamic properties and new studies on viscosity and water
diffusivity in citric acid have recently become available (Lienhard et al., 2012;
Lienhard et al., 2014). In our study, measurements were conducted over a wide range
of RH and several parameterization methods have been used to describe the

correlation between uptake and humidity.

3.2. Experimental

The experimental method used in this study has been described in detail in our
previous publication relating to the production and use of °N labeled N,Os (Grzinié et
al., 2014). N,Os labeled with the BN short-lived radioactive isotope is mixed with
citric acid aerosol in an aerosol flow tube. The resulting gas and aerosol phase

products are selectively separated and trapped in a parallel plate diffusion denuder
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system and a particle filter, respectively, situated downstream of the aerosol flow tube.
The concentration of the various species can be measured simultaneously by
monitoring the radioactive decay of the "*N labeled species on each trap over time. A
schematic representation of our experimental setup can be seen found in GrZzini¢ et al.

(2014).

3.2.1. Production of *N labeled N,Os

A facility for the online production of ?’NO has been operating at the Paul Scherrer
Institute for many years. A detailed description of the facility and recent upgrades can
be found elsewhere (Ammann, 2001; Grzini¢ et al., 2014). In short, BN (T2 = 10
min.) is produced in a gas-target via the '°O(p,0))"*N reaction. The highly oxidized *N
labeled nitrogen species, along with non-labeled nitrogen oxides produced by the
radiation chemistry from nitrogen impurities in the carrier gas (~10 ppbv), are reduced
to *NO over a Mo converter (at ~380 °C) and transported from the production site to
the laboratory through a 580 m long PVDF capillary tube. A small amount of the
PNO containing gas flow (50 ml/min) is mixed with nitrogen carrier gas and non-
labeled NO (~2 ml/min) from a certified gas cylinder (10 ppm in N;). A ~8 ppmv Os
containing gas flow (50 ml/min) is produced by irradiating a 10% O, in N, gas
mixture with 185nm UV light in a cylindrical photolysis reactor. The "NO and Os
flows are mixed in the N,Os synthesis reactor, where NO reacts with O3 to produce
NO; and NO;s which then react via reaction (R3.1) to form N,Os. The reactor is
covered with a thin PTFE foil on the inside walls and is operated under dry conditions
in order to minimize heterogeneous N,Os losses. Furthermore, the N,Os reactor is
covered with a dark cloth shroud to prevent NO; photolysis by laboratory room light
which would lead to loss of N,Os because of the backwards reaction in (R3.1). The
length of the synthesis reactor is 34 cm and the inner diameter is 4 cm, and the gas

residence time (reaction time) is ~4 min.

Design, performance and consistency of N,Os production with simulations obtained

via a kinetic model has been described previously (Grzini¢ et al., 2014).
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3.2.2. Aerosol production

An ultrasonic nebulizer was used to generate an aerosol suspension in a gas flow by
nebulizing a 0.07% wt. solution of citric acid (HQ, Fluka, >99%) in MilliQ water. The
resulting aerosol particles were dried over a Nafion membrane diffusion drier. To
avoid efflorescence of the aerosol particles, the sheath gas used in the diffusion drier
has been humidified. The resulting aerosol gas flow was passed through a homemade
%Kr bipolar ion source where an equilibrium charge distribution of the aerosol is
attained, followed by an electrostatic precipitator to remove all charged particles. This
was done to avoid uncontrollable wall losses of charged particles which are produced
when nebulizing a solution. A homemade Gore-tex membrane humidifier was placed
behind the precipitator for finer adjustments of the humidity in the gas flow and to
bring it to the required experimental RH level, followed by an elution volume with a
residence time of ~2 min to facilitate equilibration between the gas and aerosol phases.
In our case measurements were conducted from 17% to 70.3% RH. Finally the aerosol

flow was directed into the aerosol flow tube.

A Scanning Mobility Particle Sizer (SMPS) was used to measure the aerosol surface
to volume ratio. The SMPS system is made of an *’Kr ion source (to establish
equilibrium charge distribution), a Differential Mobility Analyzer (DMA, TSI 3071)
and a Condensation Particle Counter (CPC, TSI 3022). Filtered carrier gas was used
as sheath gas for the DMA in order to keep the relative humidity of the two flows at
the same level and thus maintain the water content of the particles during size
separation. The SMPS was connected immediately after the aerosol flow tube via a T-
connector. Alternatively a NOy or O3 analyzer could be connected there instead for
routine checks of the levels of these gases. A capacitance humidity sensor was placed

in front of the SMPS to monitor humidity.

3.2.3. Aerosol flow tube

The gas flows containing aerosol and N,Os, respectively, were mixed in a cylindrical
flow tube reactor consisting of a PFA tube with an inner diameter of 7 cm. The inlet
and outlet, cylindrical in shape with an inverse cone projecting inside the cylinder,
each have a pneumatic ring on the outer surface which when inflated seals the reactor.

By deflating the pneumatic ring it is possible to move the inlet and outlet in order to
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adjust the length of the reactor and thus the aerosol reaction time. The N,Os gas flow
(102 ml/min) is introduced into the aerosol flow tube via a hole along the axis of the
reactor. The aerosol feed (720 ml/min) is introduced via a stainless-steel tubular
injector (6 mm in diameter) which protrudes from the inlet and is bent in such a way
that the injector nozzle is equidistant from the walls of the flow tube. The aerosol flow
is injected perpendicularly to the N>Os gas flow within the flow tube. Reaction times
from 10 to 60 seconds were adjusted. For the flow rate used, a laminar flow profile is
assumed to have been established within the flow tube a few cm downstream of the
aerosol injector. As with the N,Os synthesis reactor, a black shroud is used to shield
the aerosol flow tube from daylight in order to prevent NOs photolysis and thus loss
of N,Os. The overall system exhaust is pressure controlled and the pressure is set at

slightly below ambient pressure (960-970 mbar).

3.2.4. Separation and detection of °N labeled species

The gas flow resulting from the aerosol flow tube is split with one fraction going to
the SMPS system or alternatively a NOy (Teledyne T200) or O3 analyzer (ML 9810)
and the other being directed into the parallel plate diffusion denuder system. This
system consists of a series of parallel plates placed within an aluminium housing. The
plates, which are coated with specific coatings, trap the "N containing gaseous
species (N,Os, NOs and NO,) by lateral diffusion and chemical reaction. Meanwhile,
the aerosol particles, which have small diffusivity, pass through the denuder without
being trapped and are deposited on a glass fiber filter located at the exit of the denuder
system. Citric acid has been used as a denuder coating for N,Os. It mixes well with
water and has a well-known hygroscopic cycle (Peng et al., 2001; Zardini et al., 2008),
facilitating coating preparation and use, while at the same time being only weakly
affected by NO, interference. Citric acid was used as a coating on the first two
denuder plates, the first one capturing N>Os while the second one is used to quantify
the NO, interference. NOs, which is present in small quantities in the gas phase,
cannot be easily separated from N,Os and is likewise absorbed on the first denuder
plate together with N,Os. The citric acid solution used was a 2 % (by wt) solution in a
50% mix of water/methanol. The following two denuders were coated with a 1% N-

(1-naphtyl) ethylene diamine dihydrochloride (NDA) solution in 1% KOH and 10%
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water in methanol. NDA absorbs NO, very well while at the same time the basic
nature of the solution prevents the re-evaporation of nitrite. Since NDA is sensitive to
O3, which is present in high concentrations in our system, two denuder plate sets were
used to extend the operating life. Fresh coatings were prepared and applied every day.
Since N,Os and NOs are quite sticky, absorption of these species was noticed on the
aluminium inlet of the parallel plate diffusion denuder system. This inlet is 10 cm
long, non-coated and triangular in shape and thus an additional gamma detector was

added to measure the N,Os signal on the inlet.

The "N containing species that were trapped on the denuder plates and
particle filter were measured by monitoring the radioactive decay of “N. A CsI
scintillator crystal with integrated PIN diode detector (Carroll and Ramsey, USA) was
placed on each of the traps. °N, a well-known B* emitter, decays with emission of a
positron which, upon annihilation with an electron, emits two coincident y-rays in
opposite directions. These y-rays are detected by the above mentioned gamma-ray
detectors and the signal is converted to the flux of the '*N containing gaseous species
into the respective traps via the inversion procedure reported elsewhere (Kalberer et

al., 1996). The flux into a trap can be calculated using Equation 3.1.

o Aj(i) - Aj(i—l) eXp(_/‘t(t(i) - t(i—l))) .
T e Al ~ 1) oD

Where [; is the flux into trap j, 4ji1) and 4;; are two consecutive activity
measurements performed at times #:.1, and £ and 1 is the decay constant for N
(/=0.00116 s™). The measured flux is proportional to the gas phase concentration of
the respective species, which can therefore be determined. By comparing the value of
the gas phase NO, concentration measured with the NOy analyzer to the 13N02 and
PN,0s signals measured at the denuder traps and the particle filter it is possible to

calculate the concentration of N,Os in the gas and particle phase.

Additional information on coating preparation, traps and measurement efficiencies
can be found in our previous publications (Ammann, 2001; Grzini¢ et al., 2014;

Guimbaud et al., 2002).
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3.3. Results and discussion

3.3.1. Measuring the uptake coefficient of N,Os over a wider humidity range

Over the course of several experiments the uptake of N,Os to citric acid aerosol
particles was measured at different RH values. The overall signal of N,Os in the gas
phase was obtained by adding the inlet and first citric acid coated denuder plate
signals and subtracting the second citric acid denuder signal (NO; interference). To
correct for the small amounts of NOs present in the gas phase the signal was
multiplied with the NO3;/(NOs;+N;Os) ratio obtained via our gas phase N,Os
production model used in our previous study (Grzini¢ et al., 2014). A typical
experiment was performed as follows: after a period of stabilization, during which all
flows were on, but the nebulizer switched off the NO, concentration was measured
via the NOy analyzer connected to the system (in place of the SMPS). Concentrations
around 9-10 ppbv of NO, were obtained in the aerosol flow tube reactor. From the
measured gamma-ray detector signals of N;Os and NO,, a maximum initial
concentration of ~5 ppbv of N,Os was calculated. Next, a wall loss measurement was
performed by changing the length of the aerosol flow tube and thus the reaction time,
which is shown in the first part of the exemplary record of an experiment in Figure 3.1.
Typical pseudo-first order wall loss rate constants, ky, were ~9x10™ and ~3x107 s™
for low and high humidity, respectively, indicating strong wall loss of the labelled
N,Os molecules. After the wall loss measurement was completed, the SMPS was
connected to the system and the reactor length was adjusted to a 60 sec reaction time

within the aerosol flow tube.
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Fig. 3.1. Exemplary traces of inverted detector signals for an experiment: teal: gas-phase *N,Os signal;

purple: particle-phase "°N signal; red: SMPS signal (aerosol surface/volume ratio)

At this point the nebulizer was switched on to generate citric acid aerosol for 25-30
minutes and then switched off again for an interval of the same duration. By varying
the vibration frequency of the piezoelectric membrane in the ultrasonic nebulizer it is
possible to change the characteristics of the generated aerosol, in particular the aerosol
surface to gas volume ratio. Figure 3.2 shows the resulting data for one such

experiment.
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Fig. 3.2. Normalized particle-phase N,O5 concentration vs. aerosol surface/volume ratio graph for the
experiment from Fig 2. The data points represent experimental data; vertical error bars represent a 95%
confidence interval, horizontal error bars represent the S/V measurement error (30%), the full red line
is the fitted series determined by least-squares fitting of Eq. 2 to experimental data, the dashed red lines

are 95% confidence intervals.

The gas-aerosol interaction kinetics can be described by Equation 3.2:

c =Y k, (Eq. 3.2)

where Cg(FO) is the gas-phase N,Os concentration at time zero, Cp(t) is the N,Os
concentration in the particle phase, ky, is the wall loss constant, measured as described

above, and k, denotes the apparent first order rate coefficient for loss of N,Os from
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the gas phase due to its heterogeneous reaction with the aerosol phase. Equation 3.3

relates k;, to the uptake coefficient y:

where S}, is the total aerosol surface area to gas volume ratio obtained with the SMPS,
o is the mean thermal velocity of N,Os, R is the gas constant, T is the absolute
temperature and M is the molar weight of N,Os. Eq. 3.2 was then used to fit the
experimental data as shown in Figure 3.2 with y being the only variable. The results

are shown in Figure 3.3.

10-5 i T i T i T ¥ T v 1
0 20 40 60 80 100

RH%

Fig. 3.3. Uptake coefficients obtained in this study at various RH values. Error bars represent 95%

confidence bounds

A trend of increased uptake with increasing RH can be observed. This is consistent
with the increasing water content of the aerosol at higher humidity. The uptake varies

about one order of magnitude between the lowest and highest RH. Compared to some
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other polycarboxylic acids (Griffiths et al., 2009; Thornton et al., 2003) citric acid is
on the lower end of the scale as far as uptake of N,Os is concerned, being more than
an order of magnitude lower than the uptake on malonic acid. The uncertainty in y
data arises primarily from the fact that aerosol uptake rates (k) were smaller than wall
loss rates (ky) as well as from the systematic error associated with the measurements
of surface to volume ratio of the aerosol by the SMPS (S,), which amounts to ~30%.
The 95% confidence interval from replication (as can be seen in Fig. 3.2) does not

overly influence the overall uncertainty for y.

As mentioned in the experimental section, care was taken to avoid crystallization by
not drying the particles to low RH, but rather to equilibrate the solution droplets from
the nebulizer to the RH of the experiments. Therefore, the low uptake coefficients are
unlikely to be caused by crystallization of the citric acid. With respect to the humidity
range, the primary limitations were wall loss (at high RH) and potential efflorescence

of the liquid aerosol (at low RH).

There are a few factors that could have influenced the scatter among the
measurements at different RH. We have noticed that a small but variable number of
very large particles fell outside the measurement range of the DMA (one of the
components of the SMPS), which for our settings was limited to particle diameters up
to 806 nm. Additionally, two separate batches of citric acid (from the same producer)
have been used to prepare the solutions, and we cannot exclude possible

contaminations, which could have altered the surface tension of the solution.

3.3.2. Physical state, reaction mechanism and parameterization

The question of the physical state of the citric acid aerosol at low humidity is complex.
Literature data suggests (Peng et al., 2001; Zardini et al., 2008) that citric acid
particles are always liquid at room temperature, equilibrating with RH changes down
to very low RH values and retain 5% wt. of residual water even after efflorescence
(Peng et al., 2001). This can be explained by the strong interactions of the polar
functional groups with water molecules at high supersaturations. In this regard citric
acid is similar to malonic acid, a C3 dicarboxylic acid, and both can maintain a
solution at high supersaturation at very low RH. We can assume however that even

though citric acid particles do not undergo efflorescence at low RH values, they are
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likely to have high viscosity and possibly a semi-solid physical state. The uptake
coefficient of N,Os at low humidity observed here, in the order of 10, is comparable
to succinic acid or oxalic acid in their effloresced form (Thornton et al., 2003). Thus,
the difference between low and high humidity is similar to that of solid (effloresced)
vs. liquid (deliquesced) inorganic aerosol, where likewise the solid particles show
uptake rates significantly lower than their liquid counterparts (Hallquist et al., 2003).
We can notice, however, that our data shows a gradual increase of the uptake
coefficient with increasing RH and therefore water content. This is in contrast with
the results presented for effloresced malonic acid (Thornton et al., 2003), which do
not show an increase of the uptake coefficient with increased humidity, unless the
deliquescence RH is reached. Taking this into consideration together with literature
data, we posit that in our experiment the citric acid aerosol is most probably in
supersaturated form even at low RH values and that the continuous increase in the
uptake coefficient N,Os is related to the increasing water content and/or the increasing

diffusion coefficient.

For moderate uptake rates and submicron particles, where gas-phase diffusion
constraints can be neglected, the N,Os uptake coefficient can be described according

to the resistor model (Davidovits et al., 1995) with Equation 3.4:

-1
1:;;;#[0@6]_1} (Eq. 3.49)
y a T, a, 4HRT\DK' q

where a;, 1s the bulk accommodation coefficient, H is the Henry’s law constant, R is
the gas constant, T is the absolute temperature, D; is the liquid-phase diffusion
coefficient, k' is the apparent first-order loss rate constant for N,Os in the liquid phase,
@ 1s the mean thermal velocity of N,Os molecules in the gas phase and g is the reacto-
diffusive parameter which accounts for the competition between reaction and

diffusion within the particle. The reacto-diffusive parameter is defined by Equation 5:

(Eq. 3.5)

SN |~
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where 7 is the radius of the particle and / is the reacto-diffusive length, defined by
Equation 3.6:

[ = — (Eq. 3.6)

The reacto-diffusive length is the characteristic distance that a molecule will diffuse
within a particle before reacting. When / is small compared to the radius of the
particle (¢<<1), the mechanism is dominated by reaction near the surface of the
particle. On the other hand, when / is comparable or larger than the radius of the
particle (¢>1) the turnover of N,Os occurs throughout the volume of the particle and
the process becomes volume-limited and the uptake coefficient dependent on size.
Using Equation 3.4 as a starting point we have tried to parameterize the uptake of
N2Os on citric acid vs RH. Within this treatment, the complex mechanism (R3.3-
R3.7) is lumped into the net reaction (R3.2) by treating only one dissolved N,Os
species, which undergoes a bimolecular reaction with liquid phase water. Therefore,
this avoids a detailed treatment of the forward and backward reactions. So far, this has
proved to be a reasonable parameterization to describe uptake of N,Os to laboratory
generated aerosol particles. An analytical expression has been suggested to take into
account the nitrate effect (Griffiths et al, 2009). But since we have worked at low
enough N,Os concentrations, our experiments are not affected by the accumulation of
nitrate within the residence time of particles in our flow tube. The calculated value for

the maximum HNO; concentration in the particle phase is ~10™ M.

The Henry’s law constant for N,Os on organic polycarboxylic aerosol particles is
unknown, however in several studies (Badger et al., 2006; Robinson et al., 1997;
Thornton et al., 2003) a generic value of H=2 M atm™ has been suggested for liquid
aerosol particle solutions. Recommended values (Ammann et al., 2013) for aqueous
organic aerosols have been used for ay, (0.035) and £" (1.0x10° M's™) which is the
apparent second-order rate constant for the reaction of N,Os with water and k' =

K"[H,0]. These recommended values are based on several studies with dicarboxylic
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and polycarboxylic acids (Badger et al., 2006; Griffiths et al., 2009; Thornton et al.,
2003).

Since water is the main reactant, the parameterization relies heavily on the water
concentration as a function of RH. Mass growth factor values (and consequently mass
fractions) for citric acid and water were obtained from Zardini et al. (2008), while the
citric acid solution densities have been obtained from several sources, each relating to
the particular parameterization used for viscosity further below (Laguerie et al., 1976;

Lienhard et al., 2012; Peng et al., 2001)

As far as the diffusion coefficient D, is concerned, previous authors have used an
estimate of 1x10™ ¢m? s™! (Badger et al., 2006; Griffiths et al., 2009; Hallquist et al.,
2003; Thornton et al., 2003) for the diffusion coefficient of N,Os in an aqueous
solution, independent of water activity. Together with the other parameters, this leads
to a reasonable agreement of the parameterisation based on Equation 3.4 with the
measured data for malonic acid. However, as it turns out, the parameterisation would
largely overpredict the reactivity for citric acid. Citric acid solutions are substantially
more viscous, i.e., for a solution of 1.04 M, the reported viscosity (Laguerie et al.,
1976) of CA is 1.49x10° Pa s, while for malonic acid it is 1.09x10™ Pa s
(Chmielewska and Bald, 2008), close to that of water (0.91x10~ Pa s). It is therefore
likely that the lower uptake coefficients of N,Os in citric acid compared to those for
malonic acid are caused by lower diffusivity in the more viscous solution. Since the
diffusivity of N,Os is not known in either medium, we used four methods to estimate

it, summarized in Figure 3.4.
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Fig. 3.4. Diffusivity of N,Os in citric acid solutions as calculated according to four parameterization

methods: teal: Laguerie; red: Reid; green: Lienhard; blue: Berkemeier

The first one (Laguerie) is based on viscosity measurements by Laguerie et al. (1976),
and within the range of solutions covered by their measurements, D, for N,Os was

calculated by applying the Stokes-Einstein relation (Equation 3.7).

ke, T

D, =
6xnr

(Eq. 7)

Where kg is the Boltzmann constant, T is the absolute temperature, # is the viscosity
and r is the radius of the N>Os molecule assumed spherical (2.5 A). The viscosity
parameterization in this case covers a range of citric acid concentrations up to ~4.3 M,
which in our case corresponds to RH values >70%. While the viscosity in this range
certainly allows using the Stokes-Einstein relation in principle, uncertainty remains
with respect to the effective molecular radius to be used, since we don’t know the

identity of the solute for the rate limiting step (dissolved N,Os or NO,").
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More recent measurements of viscosity of citric acid were provided by J. Reid
(personal communication) from a combination of optical tweezers and electrodynamic
balance (EDB) experiments that cover especially also the highly supersaturated
solutions. The diffusion coefficients were again estimated via the Stokes-Einstein
relation as before. A range of 3 to 73% RH was covered. For the humidity range
above 50%, the same uncertainty applies with respect to the size of the diffusing
species. At low RH, however, the use of the Stokes-Einstein relation may be
questioned. Power et al. (2013) suggested that the diffusivity of water in sucrose
droplets the starts to decouple from the viscosity for viscosities around 1 Pa s, and at
10 Pa s the calculated diffusivity departs from measured values already by an order of

magnitude, corresponding to ~40-50% RH in our citric acid solutions.

The third method is based on an estimate of the diffusivity of H,O in the organic
matrix, which is in turn based on the principal parameterization for the one of H,O in
sucrose from Zobrist et al. (2011). This method uses the measured glass transition and
hygroscopicity data to infer diffusion properties of a target substance (e.g. citric acid)
by extrapolation from a known reference substance (e.g. sucrose) (Berkemeier et al.,
2014). The data was provided by T. Berkemeier (private communication). We have
again used the Stokes-Einstein relation to estimate the diffusivity of N,Os based on

that of H,O, i.e., assuming a molecular radius change only.

Finally, very recently, Lienhard et al. (2014), determined the diffusivity of H,O in
citric acid solution droplets by measuring the kinetics of the size change in response
to step changes in RH in an EDB. The data are parameterized via an empirical
Vignes-type equation (Lienhard et al., 2012; Lienhard et al., 2014). The diffusivity of

N,Os was again estimated from that of H,O using Equation 3.7.

The result of calculating the uptake coefficient according to Equation 3.4 and using
diffusion coefficients estimated according to these four methods while keeping all
other parameters constant, is presented in Figure 3.5. The solid lines cover the range
of humidity where the Stokes-Einstein relation may likely be a good approximation
for estimating the diffusivity based on either viscosity or the diffusivity of water, and

the dashed lines for the range of humidity where usage of the latter is highly uncertain.
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Fig. 3.5. Parameterization of N,Os uptake on citric acid aerosol based on diffusivities estimated by the
four parameterization methods: teal: Laguerie; dark red: Reid; green: Lienhard; blue: Berkemeier; red:
parameterization for malonic acid using the same kinetic parameters, but with D independent of RH;
red diamonds: uptake coefficients measured in this study; solid circles: uptake coefficients for malonic
acid according to Thornton et al. (2003); open circles: uptake coefficients for malonic acid according to

Griffiths et al. (2009)

We can notice that the uptake coefficient based on all of the diffusivity
parameterizations show similar behavior at higher RH values (>70%), however the
Lienhard one starts to deviate strongly from the rest as well as from the measured
citric acid uptake coefficients fairly quickly, overestimating the uptake by about a
factor 3-4. The Laguerie parameterization is limited by the small range of solution
compositions covered by measurements (RH >70%). The other parameterizations
(Berkemeier, Reid) follow the measured uptake values fairly well down to values of
about 50-60% RH, where they start to diverge significantly from the measured data.
This is not surprising due to the decoupling between viscosity and diffusivity at 10 Pa
s (Debenedetti and Stillinger, 2001; Power et al., 2013) mentioned above.
Unfortunately, the variability of the uptake data does not allow constraining the

parameterizations further; however, we can conclude that variations in viscosity and
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associated changes in diffusivity as a function of RH have a significant impact on the
uptake of N,Os. The Stokes-Einstein relation underestimates the diffusivity at high
viscosities, underestimating thus the uptake coefficient as well. Therefore, our
inability to precisely predict the diffusivity of N,Os at lower humidity in spite of
relatively well constrained estimates of H,O diffusivity or viscosity, leaves room for

interpretation of the difference between measured and predicted uptake coefficients.

The uptake, as described by Eq. 3.3, is likely not bulk accommodation limited; the
measured uptakes as well as the predicted values for 7, are well below ay, and do not
show a plateau at high RH values. Based on the four different diffusivity estimates we

can calculate the reacto-diffusive length (Table 1):

Tab. 3.1. Reacto-diffusive lengths calculated using diffusivity values obtained via the four above

mentioned parameterizations.

Reacto-diffusive length [nm]

RH [%] |Laguerie Reid Berkemeier  Lienhard

30 - 0.09 0.21 0.16
50 - 0.49 0.74 2.88
70 3.03 1.83 2.96 7.21
90 6.33 526 9.63 10.29

As can be seen, even at very high RH values (90%) the maximum reacto-diffusive
length obtained is equal to 10.29 nm, a value far short from the radius of our aerosol
particles (100-150 nm) and at lower RH values (50-70%) the reacto-diffusive length is
down to a few nanometers. Even considering a smaller " (1x10* M s™), the reacto-
diffusive length at moderate RH values is still fairly small (~5-20 nm at 70% RH).
This is in contrast with the values obtained for other polycarboxylic acids like maleic
acid (Thornton et al., 2003) (48 nm at 50% RH) or humic acid (Badger et al., 2006)
(30-50 nm at different RH), and points to the fact that the reaction is not volume
limited. The reacto-diffusive length itself indicates that reaction is faster than

diffusion into the bulk. However, as can be seen in our data, the reacto-diffusive



84/

length decreases with decreasing uptake. The reduction in diffusivity is the driving

factor behind this.

In turn, Equation 4 assumes that water, the reactant for N,Os, remains well mixed.
Even for 15 % RH, using the diffusivity parameterization closest to our measured

2 s'l, for which

results (Berkemeier), the diffusivity of H,O is about 1.34x107'° cm
across particle diffusion times t=dp2/DH20 are about 0.75 s, significantly shorter than
the time-scale of our uptake experiment. Therefore, Equation 4 can be safely used for

the analysis of the data.

The parameterization given by Equation 4 is only considering the reacto-diffusive
regime of loss of N,Os within the bulk of the particles. However, the reduction in the
reactivity brought about by the significant increase in viscosity, would allow uptake to
become significantly affected by a surface reaction (Ammann et al., 2003). Therefore,
apart from diffusivities being higher than estimated, the deviation of the predicted
uptake coefficients from the measured ones at low RH could also be due to a surface
reaction becoming rate limiting. Other effects, such as salting in of N,Os or an
increase in the apparent rate constant k" are probably less likely. Effloresced
polycarboxylic acid particles that might serve as a first model for an assessment of
surface hydrolysis of N,Os have shown uptake coefficients similar to the ones
measured with citric acid at low humidity, roughly in the 10™* range. While some, like
malonic acid (Thornton et al., 2003), do not show noticeable dependence on water
content, others like succinic or oxalic acid (Griffiths et al., 2009) seem to be
influenced by RH, possibly driven by increasing amounts of surface adsorbed H,O
with increasing RH. Also mineral oxides that expose hydroxylated surface sites to the
gas phase have shown similar behavior of N,Os uptake as a function of RH (though in
the 10°-107 range). As surface reactive sites are deactivated, a corresponding
reduction in reactivity was noticed (Karagulian et al., 2006; Seisel et al., 2005).
Discrepancies in uptake rates in dry and low RH conditions have been attributed to
surface adsorbed H,O (Wagner et al., 2008). Effloresced ammonium sulphate and
bisulphate aerosols have shown similar behavior as well (Davis et al., 2008).
Therefore, it is likely that surface hydrolysis of N,Os on high viscosity citric acid may

indeed contribute to uptake at low RH.
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3.4. Conclusions and atmospheric impact

We have conducted measurements of N,Os uptake to citric acid aerosol over an
atmospherically relevant RH range at room temperature. Our results have shown that
uptake coefficients change by roughly one order of magnitude (~3x10™ - 3x107)
between low (17%) and high (70%) RH. The results are in line with citric acid being
present as a supersaturated liquid down to low RH values. As recent studies have
shown, citric acid particle viscosity is higher than that of similar di- and
polycarboxylic acids, which have been studied so far and diffusivity is lower. We
have calculated that the reacto-diffusive length, according to the diffusivity
parameterizations presented in this study, is down to a few nm. The reacto-diffusive
length decreases with decreasing uptake coefficient, apparently under the influence of
increased viscosity (and thus decreased diffusivity). However the uptake of N,Os,
driven by the bulk reaction of N,Os with water, remains in the reacto-diffusive kinetic
regime. Thus, the decreasing uptake coefficients with decreasing RH are well
explained by the decreasing diffusivity of N>Os. However, because estimating the
diffusivity of N,Os from measured diffusivity of H,O or measured viscosity is
problematic due to the decoupling between viscosity and diffusivity at high viscosity,
the parameterization of N,Os uptake by the traditional bulk reacto-diffusive uptake
regime alone becomes uncertain at low RH. It cannot be ruled out that a surface

reaction contributes significantly to uptake at low relative humidity.

Nevertheless, diffusivity seems to play a very important role in the reactivity of citric
acid and is the decisive parameter to describe the difference in reactivity to other
simple carboxylic acid forming lower viscosity aqueous solutions. The range of
viscosity of citric acid solutions is likely similar or even still at the lower end of
realistic secondary organic aerosol (SOA) components. Higher viscosity could also
explain the previously mentioned discrepancy between N,Os reactivity in field
measurements and model predictions based on laboratory measurements, in particular
those of malonic acid. This could also explain the behavior of citric acid described in
a recent study which suggested that the organic O:C ratio in mixed inorganic-organic
aerosols may be used as an indicator of N,Os reactivity (Gaston et al., 2014), based on
a trend of increasing uptake coefficient with increasing O:C ratio. However, citric
acid and some high O:C mixtures containing citric acid and other highly

functionalized oxidized organic compounds are an exception to this trend, showing
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reactivity which is noticeably below expected values. O:C might indeed serve as an
indicator, but it should be convoluted with viscosity, which might be related to the
O:C ratio as well. This could provide a way to a better representation of N,Os

reactivity in atmospheric models.
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4.1. Introduction

Because of the influence that the nitrogen oxide cycle has on tropospheric chemistry it
has been the subject of intense interest ever since initial studies on photochemical
smog identified NOy (NO+NQO;) and VOCs (volatile organic compounds) as its main
ingredients and drivers of tropospheric Os and *OH production in polluted areas
(Finlayson-Pitts and Pitts, 2000). Since then the central role of NOy in the regulation
of the oxidative capacity of the atmosphere has been established. N»Os, a reactive
intermediate of the nighttime chemistry of nitrogen oxides, has been identified as one
of the major reservoir species and potential sinks of NOy (Abbatt et al., 2012; Chang
et al., 2011). NO; reacts with O3 to form NOs, which then react together to form N,Os
(R4.1).

NO, +NO,._N,0,  (R4.l)

Depending on location N,Os may be removed primarily by heterogeneous hydrolysis
to nitric acid on aerosol surfaces, providing thus a nighttime sink for atmospheric NOy

atmospheric NOx (R2) (Abbatt et al., 2012; Chang et al., 2011).

N,O, +H,0, —>2HNO (R4.2)

(U] 3(aq)

Removal of N,Os leads to a reduction of atmospheric NOy and consequent reduction
of tropospheric ozone and thus the oxidative capacity of the atmosphere (Dentener
and Crutzen, 1993; Evans and Jacob, 2005). The reactivity of N,Os with aerosols has
been of ongoing interest for the past two decades. Laboratory investigations have
encompassed measurement of uptake kinetics to a wide array of inorganic aerosols,
like H,SOu/sulphates (Hallquist et al., 2003; Hanson and Lovejoy, 1994),
NaCl/marine aerosol (George et al., 1994; Thornton and Abbatt, 2005), nitrates
(Hallquist et al., 2003; Wahner et al., 1998) and mineral dust (Karagulian et al., 2006;
Wagner et al., 2008). The uptake coefficient y (defined as the as the probability that a

gas kinetic collision of a molecule leads to its uptake at the interface), on inorganic
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aerosol is in the 107'-107 range. Organic aerosol on the other hand presents a wider
range of reactivities, with values approaching those of inorganic aerosols in certain
cases like with malonic acid (Griffiths et al., 2009; Thornton et al., 2003) at around
107, while in other cases the uptake coefficients go down to 10°-107, like in the case
of some polycarboxilic acids like citric acid (Chapter 2), succinic acid or humic acid
(Badger et al., 2006; Griffiths et al., 2009), long chained fatty acids and polyalcohols
(Gross et al., 2009). Additionally, coating particles with organic films has shown to
have an inhibiting effect on N>Os uptake (Anttila et al., 2006; Folkers et al., 2003) by
restricting transport from the gas phase to the aerosol phase, reduced solubility in the
organic phase or limited water availability. The hydrolysis of N,Os(g) is believed to
proceed through a multistep process (Behnke et al., 1997; Mozurkewich and Calvert,
1988): molecular solvation (R4.3) is followed by dissociation into nitronium and
nitrate (R4.4). The fate of nitronium is governed by competition between the reaction
with nitrate to yield molecular N,Os again (R4.5) and the reaction with H>O(l) to yield
HNO; (R4.7).

N0y "N,Oyy (R4.3)
N,0;,, —>NO3, + NO5, (R4.4)
NO; ) + NOy,, —>N,04.0 (R4.5)
NO;,y + H @ ~HNO, (R4.6)
NOj,, +H,04, —>HNO, +H{,  (R47)

As long as nitrate is a minority species in the aerosol phase, the overall uptake of
N,Os is driven by reaction R4.7. Depending on the water content, either the transfer of
N2Os into the aqueous phase, R4.3, also referred to as bulk accommodation, or R4.7

are rate limiting according to current understanding.

On the other hand, in presence of significant amounts of nitrate in the aqueous phase,

the loss of nitronium ion by reaction with nitrate back to N,Os, R4.5, becomes
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significant, and the uptake of N,Os becomes lower with increasing nitrate content in
the aerosol phase, typically by an order of magnitude. This effect is referred to as the
‘nitrate effect’ (Hallquist et al., 2003; Mentel et al., 1999; Wahner et al., 1998). Most
studies conducted so far were based on measuring the net gas-phase loss of N,Os due
to uptake on an aerosol. Therefore, the actual size of the pool of dissolved N,Os (or its
dissociated products NO," and NOs3), the true value of the bulk accommodation
coefficient, ay,, and the rate of dissociation remained obscured. In this study, we make
specific use of the short-lived radioactive isotope BN (Ammann, 2001; Grzini¢ et al.,
2014) to trace the exchange of '*N-labelled nitrate resulting from uptake of labelled
N,Os with the non-labelled nitrate pool in the aerosol phase. This allows to obtain a
better estimate of oy and to obtain constraints of the N,Os dissociation (R4.4) and the

recombination reaction (R4.5).

4.2. Experimental Section

A detailed description of the experimental method and setup can be found in our
previous publications relating to the production of *N labeled N,Os (Grzini¢ et al.,
2014) and uptake of N,Os on citric acid aerosol (Chapter 3). Here we will present a
very cursory description of the *N production method and the changes that have been

implemented to the experimental setup for the present uptake measurements.

The N short lived radioactive tracer (T, = 10 min.) is produced via the '°O(p,0))"*N
reaction in a gas target by irradiating a 20% O, in He flow with 11 MeV protons
produced by the Injector II cyclotron at the Paul Scherrer Institute, Switzerland. The
highly oxidized "N labeled species are reduced to *NO for transport via a 580 m long
PVDF capillary tube to the laboratory.
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Fig. 4.1. Schematic of the modified experimental setup used in this study

Figure 4.1 shows a schematic of the experimental setup used in this study. *NO
containing gas originating from the accelerator facility (50 ml/min) is mixed with ~3
ml/min of 10 ppmv non-labeled NO in N, from a certified gas cylinder and nitrogen
carrier gas (only a very small fraction of NO is labeled with °N, about 10 and lower).
This gas flow is mixed in the N>Os synthesis reactor with a 50 ml/min flow containing
~8 ppmv O3 produced by irradiating a 10% O, in N, gas mixture with 185nm UV
light. The reactor is a glass tube of 34 cm length and 4 cm inner diameter, lined with
PTFE foil and operated under dry conditions to minimize hydrolysis of N,Os on the
walls. The gas phase chemistry of NO with Os results in the formation of NO,, NO;
and finally N,Os (R4.1). The resulting gas flow is mixed with a secondary gas flow
containing aerosol (720 ml/min) in an aerosol flow tube. This flow tube differs from
the one that we used in previous studies in that it is optimized for measurement of
uptake coefficients in the 10™'-107 range. It consists of a glass tube 39.3 ¢cm in length
and 1.4 cm in diameter. The inside of the glass tube is coated with halocarbon wax to
minimize N,Os losses to the wall by heterogeneous hydrolysis. A PTFE tube (6 mm
diameter) is inserted coaxially into the flow tube to act as injector for the N,Os flow.
The injector contains holes at the end which allow the N,Os flow to be injected
perpendicularly to the aerosol flow. Mixing is assumed to be rapid and a laminar flow
profile is assumed to have been established in the first few cm. A black shroud is used
to cover the N,Os synthesis reactor and the aerosol flow tube in order to prevent NO3
photolysis and thus N,Os loss. Aerosol is produced by nebulizing 0.1% wt. NaNOs,
Na,;SO4 and 1:1 NaNO3/Na,;SOy solutions in MilliQ water. The resulting aerosol flow

is dried over a Nafion membrane diffusion drier (RH of the drying gas outside is
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adjusted to 40% RH to prevent efflorescence), passed through an *’Kr bipolar ion
source and an electrostatic precipitator to equilibrate the charge distribution and
remove the charged particles. A humidifier is placed after the ion source to adjust the
humidity of the gas flow to the required experimental levels. The overall gas flow
exiting from the aerosol fast-flow reactor is split into two flows via a T-connector, one
to an SMPS (Scanning Mobility Particle Sizer) system used to characterize the aerosol,
consisting of a differential mobility analyzer (DMA, TSI 3071) and a condensation
particle counter (CPC, TSI 3022). The other part of the gas flow is directed into a
parallel plate diffusion denuder system, where the various "’N containing gaseous
species (N2Os, NOs and NO») are trapped by lateral diffusion and chemical reaction
on a series of parallel, selectively coated aluminium plates. The aerosol particles,
which have small diffusivity, pass without loss through the denuder system and are
trapped on a glass fiber filter placed at the exit. The radioactive decay of "N is
measured by placing a Csl scintillator crystal with PIN diode detectors (Caroll and
Ramsey, USA) on each of the denuder traps and the particle filter. °N decays by "
decay and the resulting positron annihilates with an electron with emission of two
coincident y-rays in opposite directions. The resulting signal can be related to the
concentration of the species in the gas and particle phase by comparing the NO,
concentration measured with a NOy analyzer to the N0, and ®N,0s signals on the
denuder plates and particle filter, respectively. Unfortunately, due to experimental
limitations, only a limited number of measurements have been performed. The N
tracer technique is dependent on smooth operation of the accelerator facilities and

constant online °N production to be successful, which is not always the case.

4.3. Results and Discussion

The measurements were performed at 50% and 70% RH for all three of the solutions
in question. The operating procedure is similar to the one reported in Grzini¢ et al.
(2014) and (Chapter 3), although in this case the experiment was performed by
measuring the change in signals under variation of the position of the injector
(reaction time) and not aerosol surface to volume ratio. Appropriate corrections have
been applied to the N,Os signal to account for NO, interference on the denuder

coating used for N,Os (citric acid) as well as for the small amounts of NOs present in
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the gas phase. Before each experimental run a wall loss measurement was performed
without aerosol by moving the injector in 5-10 cm steps along the length of the
aerosol flow tube and measuring the gas phase N,Os signal, in order to obtain the
pseudo-first order wall loss rate constants (k) for each experiment. These values
varied between ~3x107 and ~7x107 s, depending on humidity. Because of the short
residence time in the aerosol flow tube and its reduced surface area, losses to the wall
were less pronounced than in our previous studies, and the overall signal strength was
good. NO; concentrations in the system were measured by switching a NOy analyzer
in place of the SMPS system at the beginning of the experiment. By comparing this
result to the *N,Os and °NO, signals, the concentration of non-labelled N,Os in the
system was calculated. The uptake measurements were performed in a similar fashion
to the wall loss measurements, although in this case aerosol was introduced at each
step. By using Equation 4.1, which describes gas-aerosol phase interaction kinetics,

we can estimate the uptake coefficient.

C () 1— e—(kw+kp)t

P —
Cg<’=°> 14 k, (Eq. 4.1)
kp
P - S, oy

0 is the gas-phase N,Os concentration at time zero, Cp(t) 1s the N,Os

where C,
concentration in the particle phase, k is the wall loss constant, measured as described
above, and k, denotes the apparent first order rate constant for gas-phase loss of N>Os
to the aerosol phase, which can be related to the uptake coefficient (y) by Equation 4.2,
where S, is the total aerosol surface area to gas volume ratio and w is the mean
thermal velocity of N,Os. Figure 2 shows the appearance of '*N in the aerosol phase
as a function of time performed together with least-squares fits using Eq. 4.1 with y as

the only variable.
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Fig. 4.2. Normalized particle-phase N,Os concentration vs. time graph for the experiments performed

at 50% RH (a) and 70% RH (b). The data points represent the measurement data, the error bars

represent the standard deviation of the measurements, the curves are a least-squares fit of Eq. 4.1 to the

measured data.
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Table 4.1 shows the results obtained for the various aerosols, with relative

experimental parameters.

Tab. 4.1. Experimental parameters and results

Aerosol NaNO; NaNO; NaNOs;/ NaNOs;/ Na,SO; Na,SO,
NaQSO4 Na2804

Molar mixing ratio - - 1:1 1:1 - -
Temperature (K) 295 295 295 295 295 295
RH (%) 50 70 51 70 51 70

Average S/V ratio (my/ms)  5.92x107°  5.22x10° 3.40x10° 3.60x107° 3.42x10° 3.21x107
y (N,05) 0.0540 0.173 0.0530  0.224 0.00520  0.0234
Error (95% confidence level) +0.0040  £0.0007  +0.0080 +0.015  +0.0015  +0.0029

In absence of aerosol phase nitrate, the obtained results for Na,SO4 are comparable to
those reported by Mentel et al. (1999). In presence of aerosol phase nitrate, uptake of
3N-labelled N,Os is drastically higher than the net uptake of non-labelled N,Os
observed in earlier studies by Wahner et al. (1998), Mentel et al. (1999) and Hallquist
et al. (2003). On mixed Na,SO4 / NaNOj aerosol, the uptake is very close to that of
NaNOs. Since the measured uptake coefficient for labelled N into the nitrate
containing aerosol is about an order of magnitude larger than previous estimates of the
bulk accommodation coefficient, a, our results provide a direct indication that gas —
aqueous phase exchange of N,Os is considerably more efficient than previously
thought and that limitations attributed in previous studies to a, might have been due to

other processes.

More insight into the interpretation of the present experiments with °N labeled N,Os
can be obtained by deconvoluting the chemical mechanism of N,Os hydrolysis (R4.3-
4.7) to take into account the fate of the labelled species. Assuming that the labeled
N20Os molecules contain only one BN atom (due to the very low labeled to non-
labeled NO ratio) and under the assumption that no isotopic effects are in play, the

chemical mechanism can be assumed to proceed as shown in Figure 4.3.
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Fig. 4.3. The chemical mechanism of "*N labeled N,Os hydrolysis

We first assume that upon dissociation of *’NNOs, there is an equal possibility that the
N label will end up either in the nitronium ion (NO,") or in the nitrate ion (NO5"). In
the first scenario (left branch of the mechanism) the "°N label ends up on the nitrate
ion (R4.4°"). The corresponding non-labelled nitronium ion, if not reacting with H,O,
R4.7’, may react with nitrate to reform N,Os. This N,Os will predominantly be non-
labeled, since the labeled "*NOs™ ion is lost in the excess nitrate pool present in the
aerosol and the likelihood of recombination of the non-labelled nitronium with the

labeled nitrate is very small. Eventual N,Os that re-evaporates to the gas phase will
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therefore be non-labeled. Thus, in this branch, all *N labels will remain in the
aqueous phase if evaporation as HNO;s does not occur, which is unlikely for our
neutral aerosol. As evident from the experiments, the net rate of transfer of labelled

N,Os into the aerosol nitrate pool is very high.

In the other scenario (right branch) of the mechanism, °N ends up on the nitronium
ion (R4.4%), and there are two possibilities for its further fate. The PNO," can react
with water (R4.7’), bringing the label into the particulate nitrate pool. Alternatively
PNO," can react with NO;™ from the nitrate pool (R4.5”) to reform *NNOs which can
eventually re-evaporate. Obviously which of these two sub-channels will be prevalent
depends on a series of factors, like water and nitrate concentrations as well as the rates
of the two competing reactions. In presence of nitrate (R4.5’) seems to be the
dominant pathway, as suggested by Mentel et al. (1999) and Wahner et al. (1998),
where k4 s/ks7[H,O] ratio values of 35 kg mol! and 10 kg mol! respectively have
been used as fitting parameters to explain the entity of the nitrate effect. Such a
conclusion is however self-evident since the difference in uptake measured with the
PN technique and that measured with traditional techniques is larger than an order of

magnitude, so one can assume that the R4.5” sub-channel will be dominant.

Given that part of the "’N will find its way back to the gas phase (right branch), while
the other part is trapped in the nitrate pool (left branch), it is obvious that the
measured uptake will be higher than expected, since part of the '*N containing species
will not be contributing to *N,Os reformation, and therefore will not participate in re-

evaporation to the gas phase.

The measured uptake increases with RH (water content) as the increase in water
concentration drives "NO," reaction with water (R4.7°) while at the same time a
decrease in nitrate concentration suppresses the “NNOs reformation sub-channel
(R4.5%). In the limiting case of total suppression of the "NNOs reformation sub-
channel (all the *N ending up in the nitrate pool), the measured uptake of *N-labelled
N,Os would tend to an. However as has been mentioned, in presence of a nitrate pool
the more likely fate of the label in the right branch of the mechanism is the
reformation of labeled N,Os. In such a situation the measured uptake coefficient

would be slightly larger than a,/2. Our results therefore strongly indicate that o, must
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be at least twice as high as the uptake coefficient of *N-labelled N,Os measured for
NaNO; and NaNO3/Na,SOy4 aerosols and thus probably larger than 0.4, under the
assumption that isotope effects do not influence the symmetry of the dissociation

reaction.

Obviously for this technique to work a nitrate pool has to be available and it has to be
substantial enough to ‘trap’ the "’N tracer and prevent its release. As can be seen,
there is little difference in measured uptake between the pure NaNO; and the 1:1
NaNO3/Na,SO4 mix aerosol and we can assume that lower nitrate concentrations need
to be probed to determine the limit at which the exchange with the nitrate pool

becomes rate determining.

As has been shown, the particular properties of the N technique which lead to
exchange of "N labeled species with the nitrate pool allow obtaining a surprisingly
large value for the bulk accommodation coefficient. This behavior is similar to that
observed by Wachsmuth et al. (2002), where ***°Br isotopes have been used to
determine the bulk accommodation coefficient of HOBr. The dataset that we've
obtained here is unfortunately relatively small, a larger dataset might help to further
constrain the rate constants for dissociation and association of N,Os in the aqueous
phase. The large value of a, obtained for N,Os implies that a revision of the
mechanism and the parameterizations currently used to describe heterogeneous
kinetics of N,Os are needed. Other limiting processes will need to be identified to
explain results obtained in some studies (Griffiths et al., 2009; Thornton et al., 2003),
where y has plateaued to a constant level with increasing humidity (and thus water
activity / concentration), which was interpreted as accommodation limitation. Such a
large value of oy, will probably also lead to a revision of the values for solubility and
the net rate constant of the overall reaction in the aqueous phase. This study may help
to explain results from field experiments (Wagner et al., 2013), where uptake
coefficients constrained by combined N,Os and aerosol measurements are larger than

those suggested by laboratory studies available to date.
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Chapter 5

5. Summary and Qutlook

The main questions this work tried to answer are related to the gas-particle interaction
kinetics of N,Os, and in particular to explore some of the discrepancies between
predictions based on laboratory studies and results obtained in field studies, and what
can be done in the laboratory setting to address this. Therefore the decision was to
apply an experimental technique that allows tracing uptake in the particle phase and
has some particular advantages in comparison to techniques that have been used thus

far.

The first step in this work was to investigate the feasibility of *N,Os production,
keeping in mind that N is a short-lived radioisotope. This precluded the use of
techniques like freeze crystallization of N,Os to be later released by sublimation, and
restricted our choice to ambient condition gas phase production. A kinetic computer
model of the gas-phase N,Os chemistry was created, starting from NO and Os;. This
has allowed the design of an appropriate N,Os synthesis reactor to be used in the
experimental setup used for the following experiments. Overall residence time in the
experimental setup is a critical factor that has to be taken into account and an adequate
equilibrium has to be achieved between time dedicated to the evolution of N,Os gas
phase chemistry and lifetime of *N. In that regard efforts have been successful and
routine N,Os production in the ppb range was achieved. The experimental results
obtained have shown good agreement with the kinetic model. Overall the instrumental

design was successful. Awareness of the limitations of the °N technique is needed
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however. Operation must be planned ahead and the accelerator facilities are not
always available. While it is possible to detect N,Os in the particle phase, the question
of HNOs; evaporation remains open. Since the tracer method is not chemically
selective, evaporated labeled HNOs; may be confused with evaporating N>Os and

detected as unreacted N>Os.

Particles containing organic or mixed inorganic and organic compounds have been the
topic of increasing interest in the last couple of years because of their ubiquitousness.
Most of the early investigations have been based on the assumption that aerosol
particles contain low-viscosity, well mixed aerosol phases; however, recent studies
have shown that these assumptions are not correct and that particles containing
organic material may can have complex states, with imperfectly mixed bulks,
encapsulated phases, homogeneous, but semi-solid forms and low viscosities
(Renbaum-Wolff et al., 2013; Vaden et al., 2011). Citric acid, a polycarboxylic acid,
has been used as a model compound and as a proxy for the highly oxidized species
present in ambient organic aerosol. Citric acid is likewise fairly viscous and has been
used to explore the influence that diffusivity of trace gases in aerosols can have on
reactivity. N,Os uptake measurements on citric acid aerosol have been conducted over
a wide humidity range (17-70% RH) and uptake coefficients ranging from ~3x10™ to
~3x107 have been obtained. Available data on diffusivity of H,O in citric acid and
citric acid viscosity have been used to construct parameterizations that would describe
the reactivity of citric acid over the humidity range in question. While the above
mentioned parameterizations have not been able to fully describe the reactivity of
N,Os on citric acid, the results nevertheless show that diffusivity (and by extension
viscosity) play an important role in the behavior of citric acid and indeed organic

aerosols.

The ‘nitrate effect’, which refers to the decrease of net N,Os uptake on nitrate
containing aerosol, is generally explained in terms of the chemical reaction
mechanism of N,Os heterogeneous hydrolysis on aerosols. The unique properties of
the °N radioisotope tracer have allowed probing the reaction mechanism in more
detail, and in particular the exchange between absorbed N,Os and the nitrate pool

present in the aerosol. Our measurements have shown that BN labelled N2Os uptake
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on nitrate containing aerosol is roughly an order of magnitude higher than values
reported in previous studies on the subject. This has been explained by the fate of °N
labelled species in the chemical reaction mechanism, and in particular the
sequestration of *NO;™ into the non-labeled aerosol nitrate pool. The obtained values
for y suggest that the bulk accommodation coefficient () is significantly higher than
previously thought. The entity of the bulk accommodation coefficient, which is
estimated to be higher than 0.4, implies that the gas-aerosol exchange of N,Os is
considerably faster than expected. Such high a, values imply that other, yet
unaccounted for, limiting processes need to be identified to explain some of the
results obtained in previous studies, where limits to uptake at RH values higher than
50% (Griffiths et al., 2009; Thornton et al., 2003) were explained with bulk
accommodation limitations. The current model predictions for N,Os heterogeneous
kinetics will likely have to be revised to take into account the increased bulk

accommodation estimates.

The influence of viscosity, and by extension diffusivity, on reactivity of organic
aerosols has been recognized lately as an important factor (Abramson et al., 2013;
Koop et al., 2011; Renbaum-Wolff et al., 2013). In that regard the use of citric acid as
a model compound has proven to be an interesting choice. Its viscosity is above that
of similar compounds (polycarboxylic acids) that have been used in previous studies
and this has had a noticeable impact on the uptake of N,Os. Unfortunately the
parameterizations that we have performed using the reacto-diffusive uptake regime,
based on the resistor model, present significant discrepancies among each other. This
can be explained by the heterogeneous sources of the diffusivity data used:
measurements of viscosity of citric acid and diffusivity of H,O in sucrose or citric
acid. In both cases the diffusivity of N,Os in citric acid, the actual parameter used in
the reacto-diffusive equation, has to be calculated using a relationship that describes
the interdependence of viscosity, diffusivity, temperature and particle size. In our case
we have used the Stokes-Einstein relation. Unfortunately, viscosity and diffusivity
start to decouple at relatively modest values of viscosity (~1 Pa s), with significant
deviations from expected values at RH <50-60% (Power et al., 2013). The ideal
solution to this problem would be a technique that would enable measuring the

diffusion of N,Os in citric acid directly.
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The study of citric acid provides a possible explanation for the lower than expected
uptake coefficients inferred from field aerosol measurements of particles containing
significant amounts of organics. Viscosity (and therefore diffusivity) might be the
determining factor that explains the discrepancies in reactivity between ambient
aerosols and those observed in laboratory studies. It could likewise explain the
behaviour of citric acid in the recent study by Gaston et al. (2014), where the
increased O:C ratio of organic components in multicomponent inorganic-organic
aerosol particles has been linked to an increase in their reactivity (Figure 5.1). Aerosol
particles containing citric acid and other highly functionalized oxidized organic
species do not follow this trend however. They present uncharacteristically low
reactivity with relation to their O:C ratio. Therefore, use of more viscous and highly
functionalized oxidized organic compounds like citric acid may provide a better
insight into the reactivity of N,Os in atmospheric models and consequently help to

bridge the gap between field measurements and model predictions.
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Fig. 5.1. Normalized y (N,Os) values for mixtures of ammonium bisulfate and organics. Red markers
denote values for mixtures with citric acid and a high O:C mixture respectively. Reproduced from

Gaston et al. (2014)

As mentioned in Chapter 3, the presence of a surface reaction at low relative humidity
could not be ruled out as a possible explanation for the discrepancy between measured

uptake values and predictions based on the above mentioned parameterizations. In
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such conditions the viscosity of the particle phase increases dramatically and this
could drastically reduce diffusion into the bulk, making the surface reaction the rate
determining step. A solution to this dilemma would be to study the system with a
surface-sensitive technique, like X-ray photo emission spectroscopy (XPS) or Near
Edge X-ray Absorption Fine Structure spectroscopy with electron yield (NEXAFS).
Because these techniques rely on detection of electrons emitted upon core level
excitation, which have very low inelastic mean free paths, the composition of the top
most few nanometers can be assessed. A similar type of investigation has been tried
by Steimer et al. (2014) for an ozone-shikimic acid aerosol system using a Scanning
Transmission X-ray Microscope (STXM) in an attempt to observe a gradient of
reacted shikimic acid within single aerosol particles. While a gradient has not been
observed, there is a possibility that the gradient might simply be below detection limit,

the resolution of the technique being around 20-40 nm.

The large bulk accommodation coefficient derived from the experiments with nitrate
containing aerosols was quite unexpected. The list of laboratory experiments
suggesting a lower value based on the saturating behavior of the uptake coefficient as
a function of water content has been quite significant (Griffiths et al., 2009;
Mozurkewich and Calvert, 1988; Thornton et al., 2003). However, since the net
reactivity assessed in terms of loss of N,Os from the gas phase was not really sensitive
to the elementary kinetic parameters such as the bulk accommodation coefficient and
the forward and backward rate coefficient for N,Os dissociation into nitronium and
nitrate ion, these were not accessible. In this context, the °N tracer technique has been
an unexpected advantage and provided a new estimate for a,. However, further
experiments might be needed to corroborate these results, for example with aerosols
containing different components, including among them chloride which can act as a
competing reactant for the nitronium ion, as shown in Behnke et al. (1997).
Temperature dependence of ay could be probed by conducting a set of measurements
in bulk accommodation limitation regime over a wider temperature range. Previous
studies using similar techniques have shown negative temperature dependence
(Griffiths and Anthony Cox, 2009; Hallquist et al., 2003). In acid conditions, a

secondary acid catalyzed hydrolysis channel becomes active (Robinson et al., 1997;
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Talukdar et al., 2012). It might be worthwhile to explore the influence of acidity on

the system.

The increased estimated value of o, might help to explain certain recent field data
(Wagner et al., 2013) regarding uptake coefficients that sometimes are larger than

expected (Figure 5.1).

A)

Percent of Measurements

0.001 0.01 0.1 1
N,O4 uptake coefficient

Fig. 5.2. A histogram of N,Os uptake coefficients determined using a iterative box model and
determined from the NACHTT field study data set. The distribution ranges from 0.002 to 0.1. Adapted
and reproduced from Wagner et al. (2013)

During the field study in question the average aerosol composition by mass was 19%

sulfate, 39% nitrate, 14% ammonium, 27% organics, and < 1% chloride.

A larger a, value might likewise improve the parameterizations of N,Os uptake, as

can be seen in Figure 5.2.
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Fig. 5.3. Parameterizations of N,Os uptake on malonic acid, full line: according to [IUPAC
recommended parameter values (Ammann et al., 2013); dashed lines with o, = 0.4 and variable Henry

Law’s constant H

As can be seen, within the uncertainty range of the model parameters, the
parameterizations using oy, = 0.4 fit the measured values better than the one based on
current [UPAC recommendations according to Ammann et al. (2013). We can
therefore conclude that such a high a, value is compatible with currently available

uptake data.
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