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Abstract

Fugitive emissions of amines, such as monoethanoéar(MEA, 2-aminoethan-1-ol) or
piperazine (PZ, diazacyclohexane) from industrildnts have the potential to generate
aerosol under photooxidative conditions, yet treetien mechanisms and nucleation process

of these amine-systems are poorly understood.

This project aimed at developing a methodologynalygse the nucleation process(es) of these
amine emission. This included characterising CSHR@w third generation environmental
chamber and incorporating a semi-online Particte-lnquid Sampler/lon Chromatography
(PILS-IC) system. The PILS-IC is required for theedt identification and quantification of

water-soluble organic and inorganic fractions abael mass.

Chamber characterisation was achieved through a&evexperiments including the
determination of the NOphotolysis rate (0.512 + 0.027))s the wall loss rate of ozone
(5.6112 +0.0011) x 10s* and the wall loss coefficient for particles in the bins 54.1 —
181.1 nm. During MEA irradiation experiments, thé®1C showed some expected trends.
However, there are still several chamber auxiliagchanisms and instrument refinements

which require attention before the next stage.

We anticipate that by incorporating the proposednges described in the work, future
experiments will allow the generation of data emapthe examination and the proposition of

the nucleation process(es) of amine-aerosol.
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Chapter 1. Introduction

Aerosol is suspended particulate matter in the spiere and arises from natural and
anthropogenic sources, such as sea spray, volcandesombustion [1]. Its composition and
concentration depends on its source and local ssuand sinks, such as reactions with
oxidative agents that include ozone, hydroxideaadand nitrate radical [1-3]. Aerosol is of
great interest as it has local and global impdatsa local scale, decreased air quality leading
to adverse health effects on humans, such as gastiolar and respiratory illnesses are of
concern [2, 4]. On a global scale aerosol has graainby altering the Earth’s energy balance
and influencing cloud cover and longevity [3, 5, 6]

Secondary organic aerosol (SOA) contributes 35-7® %he total aerosol mass [7]. SOA is
produced by gas-to-particle conversion reactiomsnfr(semi-) volatile compounds in the
atmosphere. The reaction mechanisms are complexpaady elucidated [8]. Therefore,
improving the understanding of aerosol nucleatiord ayrowth processes remains of

importance, and will lead to better models of atph&sic processes [9-11].

Recently attention has been given to aliphatic asjinvhich are emitted from agriculture,
industry and carbon capture and storage (CCS) tdopy [12, 13], as their transformation
pathways and aerosol formation potentials are ret wnderstood [12]. Some studies have

suggested that they can promote aerosol nuclefdifhri5].

In order to analyse aerosol, a range of analytexdiniques have to be employed to achieve a
satisfactory analysis. Angow al.[16] have shown that research on amine based desoso
not without its challenges. As a consequence, atanenvironmental chamber experimental
procedures need to be re-evaluated and new aradlyicls are required for elucidating the
nucleation behaviour of amine volatile organic commpds (VOCSs). This thesis will focus on

the development of methodologies to analyse amasedh aerosol in chamber experiments.

1.1 Aerosol — Definition and description

Aerosol is defined as a collection of fine partictBat can be solid, liquid or both, suspended
in a gas [1]. It can be categorised into dust, fogpe, haze, mist, smog, smoke and soot
depending on the particle diameter, which rangdwden a few nanometres up to tens of
micrometres, as well as its origin. Aerosol may sisinof inorganic and organic matter,

emitted either directly into the atmosphere fronture or anthropogenic sources (primary
aerosols) or formed as a result of chemical transition of atmospheric gases (secondary

aerosols) [1].



Aerosol can be divided into three particle clas®esed on particle size: ultrafine, fine and
course. Ultrafine particles are primarily formed tine nuclei modeby nucleation and
condensation of combustion products and have aael@anof<0.1 um. In the atmosphere
these particles are low in abundance, as theyram@porated into larger particles through
coagulation or aggregation. Fine particles residdaéaccumulation modéhave a diameter of
0.1 to 2.5 um and are formed by particle coagulabbnuclei modeparticles and vapour
condensation. Fine particles contribute to the nitgjof the aerosol, as particle removal in
this mode is highly inefficient. Coarse particleavd a diameter larger than 2.5 um, are
typically formed by mechanical processes, sucheasspray or dust carried by wind and are

the major contributor to aerosol mass [1].

Aerosol can be removed from the atmosphere eithevdi or drydeposition. Dry deposition
is governed by convective transport, diffusion andace deposition. However, the dominant
mode of aerosol removal is wet deposition. As adrparticles can act as cloud condensation
nuclei (CCN) or ice nuclei (IN), water condensingthe CCN/IN scavenges and washes out
the CCN/IN and other aerosols from the atmosphete main, fog or snow [3]. While all
particle sizes are prone to wet and dry depositthre to their size, coarse particles are

typically removed quickest from the atmospheredijliag out and/or deposition [1].

1.2 The significance of Aerosols

It has become increasingly evident that aerosolldz, regional and global affects through
highly uncertain and complex interactions with th@mosphere and the environment.
Therefore understanding aerosol formation, its dbaimtransformations, its sinks, its

composition and its impacts is vital [8, 17, 18].

Aerosol has a global effect by altering the rag@tiorcing of the Earth through direct light
scattering, absorption and through cloud formati®he International Panel for Climate
Change (IPCC) defines radiative forcing (RF) asrteéechange to the Earth’s energy balance
caused by an external force [6], where warmingotdfeon the climate system are called
positive RF, whereas cooling effects is negative(8deFigure 1.1). Aerosol influences RF
either by aerosol-radiation interactions (ari; alsmown as direct RF) or aerosol-cloud

interactions (aci; also known as indirect RF).

For direct RF, the particulate matter alters theligfeither absorbing or scattering incoming
radiation [19]. The overall effect on the RF deperh the relative humidity, incoming
wavelength, atmospheric loading and the distribubbaerosol in the horizontal and vertical



in a given location [6]. While scattering-induciagrosols have a negative RF, absorbing

particles lead to a positive RF.
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Figure 1.1: Summary of major contributors to change in radiative forcing relative to 1750 [6].

Aerosol has an indirect global effect by influergcitloud cover and life time, as it can act as
CCN or IN [3, 20]. When the relative humidity (Rif§aches water vapour supersaturation
(RH > 100%), water molecules will be either adsdrteeor absorbed by the aerosol particles,
as long as the RH has reached the CCN'’s or IN’'sifsperitical supersaturation point [3]
The critical supersaturation is dependent on thdiges diameters and composition.
Therefore an increase in CCN and IN will alter doatributions to the climate system by the
Twomey, the Albrecht, thermodynamic and glacia@fiects. This in turn changes the local
and global radiative energy and hydrological bataf8. The Twomey effect describes the
change in reflection of solar radiation by incregsihe amount of small cloud particles, while
the Albrecht effect describes the prolongationlotid life, as smaller cloud particles are less
likely to coagulate and precipitate [3, 20]. Therthodynamic effect describes the delay of
freezing, while the glaciation effect describesimerease of precipitation efficiency with an

increase of IN [3].



Due to the complex interaction between direct RE ahanges to cloud formation and
longevity patterns, it is still not clear whethecieasing the aerosol load in the atmosphere
leads to a positive feedback loop (enhance glokmiming) or a negative feedback loop

(cooling effect) [3].

On a local scale, the most obvious effect of ineeeaevels of aerosol mass is a decrease in
visibility. In areas with high vegetation, suchiashe Blue Mountains in the West of Sydney,
Australia, it is not uncommon to observe a blueeh|Z], while in heavily polluted urban

areas smog will have an even more profound effectigbility [9, 21].

Adverse effects to human health remain the majarceof concern for particulate matter.
Ultrafine particles are of great concern, as they sufficiently small to pass through
membranes of the respiratory tract and enter thedoktream or even be transported along

olfactory nerves into the brain [22, 23].

As the health, radiative and hygroscopic effectparticulate matter are highly dependent on
its size and structure, it remains an importantiiregnent to analyse the particles physical and

chemical properties.

1.3 Aerosol source and composition

Aerosol originates from a range of sources andaissdied into either primary aerosol, which
is emitted directly into the atmosphere by mechasisuch as the uplift of sea salt or dust by
wind, or secondary aerosol, which is the resultcloémical gas-phase reactions yielding
particulate matter [1, 2, 18]. Aerosol may consistarying proportions of inorganic, organic
and biological material. Typically, salts and maedeidlust particles are classified as inorganic,
whereas organic compounds and black carbon areniorgand spores and pollen are

biological aerosols [3, 9T able 1.1lists and categorises aerosol according to sizesancte



Table 1.1: Major sources and composition of aerosfi]

Size range Type Primary source Secondary source
Fine Sulphates Volcanic eruptions, sea salt, Photooxidation of biogenic
gypsum gases, volcanic and

anthropogenic SO

Nitrate Combustion, fertilisers HNNH; and NQ reactions

Ammonium Transportation sources, (NH4)>SOy/NH4NO;
fertilisers

Organic carbon Semi- or non-volatile Photooxidation of volatile
compounds organic compounds

Elemental carbon Fossil fuel burning, biomass -
burning

Coarse Nitrate Combustion, fertilisers Heterogeseaeactions on
particle surfaces

Minerals (Si, Ca, Crustal material (rock & soll), -
Mg, Al and Fe) volcanic eruptions

Biological material | Pollen, spores, plant -
fragments, microorganisms

1.4 Organic Aerosol

The organic fraction of aerosol can be the majonmanent of the aerosol load, especially in
areas with dense vegetation, such as forests, lhigbgically activity, such as plankton
blooms or anthropogenic activity, such as urbaas[®, 24]. Conventionally the total carbon
(TC) content of aerosol is defined as the sum latabon within the particulate matter that is
not from inorganic sources. TC can be further didithto organic carbon (OC) and elemental
carbon (EC). EC is usually defined as carbonacspasies which have graphite-like optical
properties. Both OC and EC quantity can be detexchlyy thermo- optical techniques, where
various temperature ramps and oxidising atmosphememployed to separate out thermal
carbon fractions [25]. The total mass of organictipalate matter (OPM) is estimated by
multiplying the OC mass by a factor of 1.5-2, depeg on the assumed average molecular

composition including the prevalence of non-caratoms, such as H, O, N, S etc. [3].

Primary organic aerosol (POA) consists of particteat are directly emitted into the
atmosphere or semi-volatile vapours that condehsen@ient atmospheric conditions. POA
sources include natural and anthropogenic biomassry, fossil fuel combustion, and wind-
driven suspension of biological material and orgasompounds found within sea spray [3,
9].



SOA forms as a result of chemical reactions indtmeosphere that convert volatile organic
compounds (VOC) into semi-volatile gases or paldigumatter. VOCs are determined to be
all atmospheric organic vapour-phase species, dxgumethane, CO and Gd1].
Depending on the emission source, VOCs are termiétkerebiogenic (BVOC) or
anthropogenic (AVOC).

BVOCs are emitted by vegetation, soils and oce@ihey may consist of terpenes, which are
compounds composed of isoprengHg) units, terpenoids, which consist of isoprene sunit
containing oxygen in various functional groups whimay have undergone (de)methylation
[26]. A wide range of alkanes, alkenes, organicsccarbonyls, alcohols, esters and ethers
are additionally categorised as BVOCs, yet unliieterpenes and terpenoids, their emissions

have been poorly investigated [2F]gure 1.2shows a selection of BVOCs [1, 26].

AVOCs consist of alkanes, alkenes, aromatics, axgtel VOCs and halogenated VOCs,
which arise from industrial and domestic solven¢ asid fuel combustion [1, 26, 28]. In
urbanised areas, the predominant species of AV@Ebenzene, toluene, ethylbenzene and
xylene compounds (BTEX), contributing up to 60 %the VOCs. BTEX are not only of
concern due to their carcinogenic and chronic hegffects, but also due to their capability to
form SOA [29-31].

Determining aerosol composition remains a challegdask, as the complex mechanism for
aerosol genesis leads to a large array of partiSleght changes in external factors can lead to
the generation of new families of particles. Adudi@lly, particles can show variable
composition from core to surface. Either the pletigpossess a uniform internal composition
with a high diversity of surface constituents, be texternal layer has a more uniform
composition, while the particle core consists dehegeneous domains, which complicate the

spatial analysis of aerosol [3, 9].
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Figure 1.2 Structures of isoprene and selected motepenes, sesquiterpenes and terpenoids

1.5 Global SOA emissions

In order to estimate the global SOA emissions, thiferent modelling approaches are
utilised. The first and most common approach iskb#om-up estimate, where the known
BVOC and AVOC fluxes are pooled together with thesults from chamber oxidation

experiments to estimate the global organic aenesmduction [18]. Chamber experiments are
performed in a specifically designed closed vessadl allow researchers to simulate
atmospheric conditions, reactions and processashighly controlled environment (volume,
temperature, mixing ratios etc.), reducing the clexify of the atmosphere and allowing for
comprehensible observations and results. When singlyoxidative reactions, compounds
that form photooxidative species under UV-irradiafi such as NQand OH-radicals, are

7



introduced before the experiment is started by sikjypthe gas mixture to UV-light. Using
this method, a total SOA production of 12-70 Tg kias been estimated [32].

The second method is the top-down approach. H&reSMA production rates are inferred
based on estimates of VOC fate and removal prosd43¢ Within the top-down approach,
the SOA production can be inferred by four différeasic assumptions, each of which yields
different production fluxes. Using a global mas$abee for VOC emission and removal as
the starting point, it has been estimated that &ll®-Tg C yi* in SOA is produced yearly,
while SOA deposition and oxidation models estin226-575 Tg C yf. When comparing
SOA production with sulphate aerosol sources, nsdstimate a total SOA production of
140-540 Tg C yf and estimates based on maintaining the global 8k distribution yield

a flux of 223-615 Tg C yr[17].

The top-down estimates yield significantly highexdlues than the bottom-up calculations.
This large discrepancy may arise from the bottomapproach heavily relying on data
generated by chamber experiments, which are oftehduration and cannot generate the
final oxidative products that are found in the aspiwere. Therefore, it is plausible that the

bottom-up estimates lead to underestimations of @&uction.

1.6 Aerosol nucleation

Three mechanisms which lead to SOA formation fro@Cg have been identified [3, 9]:

1. Homogeneous nucleation. This is the process dwinigh a species of semi-
volatile organic compounds (SVOC) undergoes gas@haactions with the
same species to form new patrticles.

Partitioning of gas-phase SVOCs into or onto prsteng particles.
3. Heterogeneous or multiphase reactions of VOCs oDG¥ on the surface of

aerosols or cloud particles

In the case of new particle formation with no pxéseng aerosols, there are four main
hypotheses for homogeneous nucleation [10]. Instréal plumes, it is likely that particles

are formed homogenously from a binary mixture cstitgy of water and sulphuric acid, if the
latter is present. In the continental boundary laitds believed that homogenous nucleation
occurs by ternary nucleation of typically waterpswric acid and ammonia. Another ternary
system for particle generation is nucleation inumjvammonia, nitric acid and water [1].

Field experiments and models suggest that new argeanticle formation may be dominated

by ternary homogenous nucleation, as the binarydg@mous nucleation model can only

8



predict nucleation rates at extreme conditions civtinclude low temperatures, high relative
humidity, high sulphuric acid concentration and laerosol loading [9, 33]. In the upper
troposphere and lower stratosphere, it is belighatinucleation of binary, ternary or organic
vapours are ion-induced [10]. Lastly, in coastaliemments it is likely that homogenous
nucleation involves iodide species [10, 34]. It i pointed out that when considering these
nucleation theories, the resulting particulate erattn be predominantly of inorganic nature,
especially when sulphuric acid contributes sigaffity to the mixing ratios of the nucleating
vapours. Nevertheless, these theories present é fgoadation for an investigation into the

nucleation mechanism of amine-based aerosol.

1.7 Amines and SOA

Amines are emitted to the atmosphere from a nurobdifferent sources, including cooking
of animal flesh, biomass burning, motor vehicle agts, industrial processes, such as CO
scrubbing, and marine biota [12, 13]. Agricultuse the major source of anthropogenic
ammonia emissions and mixing ratios can reach teaisdof parts per billion (ppbv) in rural
areas [35]. In contrast, biogenic amines are qeotemon in the marine atmosphere close to
high biological activity, such as at phytoplanktslooms [24, 36]. The majority of nitrogen
containing aerosols of sub-micrometre size areyred by gas-to-particle reactions and it is
estimated that the nitrogen containing organic s@rspecies flux is 0.2-0.7 Tg Vi{37].
Despite being a small fraction of the total SOAjras have been shown to influence particle
nucleation and thus CCN formation [38], most likellye to the different reaction pathways

available.

Amines are also used as co-solvents, solventsadirg} materials, therefore with the growth
of the chemical and pharmaceutical industry antbgepic amine emissions have increased
[39]. In recent years, carbon capture technologyldeen applied to new coal and natural gas
power plants and in the retrofitting old ones tduse CQ emissions. One form of carbon
capturing technology is based on solution scrubbwmgere the solutions contain aqueous
monoethanolamine  (MEA,  2-aminoethan-1-ol), diethamine (DEA, 2,2'-
azanediylbis(ethan-1-ol)), triethanolamine (TEA, 2'2"-nitrilotris(ethan-1-ol)),
methyldiethanolamine (MDEA, 2,2’-(methylazanediy$(ethan-1-ol)) or piperazine (PZ,
diazacyclohexane) [40, 41]. As the gas stream bsongbbed is in intimate contact with the
solutions, these installations lead to direct agitiue alkanoamine emission. Despite the

increased application of this technology, littleearch has been conducted on the degradation



and transformation of these alkanoamines in th@spimere, the manner in which they initiate

aerosol nucleation, or their impact on human heaith environment [13].

Computer cluster modelling has revealed that amiioesh neutral ionic clusters with
sulphuric acid ions more effectively than ammoarad experiments have shown that they can
prevent HSO, dimers from re-evaporating into the gas-phaseutjinostabilisation effects
[42, 43]. As a consequence, it is expected thanemivould increase aerosol production.
Recent studies have not only shown that aminiurs {®NH") can replace ammonium ions
in the thermodynamically stable clusters, but dlsd small amines are present within these

sub-3 nm clusters and enhance particle nucleatidrgeowth [14, 15].

Early studies on chemical transformation of amimesthe atmosphere concentrated on
carcinogenic nitrosamines. However, the resultsveldorapid photolysis of the compounds of
interest and therefore posed minimal health riskend daylight [44]. More recently, animal
studies have shown that amine-coated ultrafineigest greatly increase the risk of
thrombosis [45]. Yet, there have been few toxicmalystudies on aerosol generated by

amines.

Consequentially, investigating the types of amiasda aerosol is important. The few existing
chamber or ambient air studies have concentrate8@#& production from mostly aliphatic
amines, such as methylamine, dimethylamine, trigdathine, ethylamine, diethylamine,
triethylamine, which are emitted by the marine emwiment or animal husbandry [12, 20, 36,
38]. Results from chamber experiments [12] havevshthat aliphatic amines undergo acid-
base reactions with atmospheric nitric and sulghacid to form aminium salts. The aminium
concentration is dependent on amine, acid and anumofoading. Ammonia acts as a
scavenger, as it competes with the amines for @cioinpounds in the atmosphere. Amines
undergo the expected photooxidative and ozonolpstxesses. However, while tertiary
amines tend to form non-salt aerosol, primary aedosdary amines tend to only form
aminium-salt derived aerosol. The major implicatmnthe formation of non-salt vs. salt-
derived aerosols is their longevity. Salt-derivedogols were shown to be more prone to re-

evaporation than the oxidised amine particulatdengt2].

In a recent report by Angovet al. [16], it was reported that MEA shows a different
nucleation pattern than non-amine VOCs: Upon iatoin by UV lights, MEA produces
aerosol immediately, while aerosol production frommn-amine VOCs exhibit a delay; a

phenomenon that has yet to be investigated witer@mine systems.
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1.8 Gas-phase chemistry of SOA formation

The formation of secondary organic aerosols usuadiyurs after VOCs have undergone a
series of oxidative gas-phase reactions, whichltr@suhe formation of species with lower
vapour pressure, leading to condensation. Evergtindirect photolysis by UV light and the
gas-phase reactions withs,ONO; and OH radicals are considered the most impoN&CT
transformation and SOA formation pathway [8], oteerdies have shown that heterogeneous

and particle-phase reactions cannot be neglected8]9

The generation of atmospheric oxidants is showth&reaction schemesl.1 to 1.8 [1]
Ozone is formed when molecular oxygen reacts wittmac oxygen, which is turn is the
product of NQ photolysis. A dynamic equilibrium across tReactions 1.1to 1.3is reached,
as NQ is regenerated by ozone reacting with NR@4ction 1.3 [26].

NO, + A <421nm) — NO + OFP)

(1.1)
OCP)+Q+M  —= O;(M=N,orQ) (1.2)
0, +NO — NO,+0, (1.3)

OH radicals are formed by &) reacting with water. OD) is generated by ozone photolysis
(Reaction 1.4 and can either be deactivated Bgaction 1.5to ground state &) or
undergoReaction 1.6 Other reaction pathways that yield hydroxyl ratBcare the photolysis
of HONO, HNGQ;,, H,O, and HQNO- [2].

O,+A<350nMMm) — 0, + o(D)

(1.4)
) _
O(P) + M — OFfP)+M(M=N,0rQ) (1.5)
1 — ’
O('D) + H,0 2 OH (1.6)

At night, the concentration of N@adicals, which are formed by the reaction of,Nath O3,
becomes a significant for VOC transformations, asng the day these radicals have a life-
time of approximately five seconds due to rapidtphdissociation into NO and molecular
oxygen Reactions 1.8and1.9).

NO, + O — NO,+ O
2 3 3 2 (17)
NO, +hv (A <721 nm) —> NO + Q
(1.8)
NO, +hv (A < 580 nm)—= NO, + O L9)

11



Figure 1.3illustrates a simplified schematic of VOC transfatrans in the troposphere. The
first transformation step is either a photooxidatattack or ozonolysis, followed by a series
of radical reactions with molecular oxygen, NOperoxides or other radicals. In
photooxidation, typically a hydrogen atom is abgd from either a primary, secondary or
tertiary carbon Reactions 1.10and 1.11), or OH or NQ is added across a double bond
(Reactions 1.12and1.13. In ozonolysis, the ozone molecule reacts withdbuble bond to
an ozonide before decomposing into a carbonyl ahe Criegee intermediate
(Reactions 1.14) This intermediate either decomposes through yedperoxide channel to
give rise to an alkyl radical, or undergoes uniroolar isomerisationReaction 1.1%, or
follows the stabilised Criegee intermediate char{8€1) undergoing further reactions with

water and oxidative species present in the atmaosBg

ROZNOZ

ROZNO
*OH/
No3
‘RO,
. &4 . \ \ Alcohols & Carbonyls]
\i(

Figure 1.3 Simplified schematic for initial VOC transformation steps

isomerisation

Carbonyl
duomposlllon

The resulting radical reacts with molecular oxygeglding organic peroxy radicals (RO
Peroxy radicals and the N@nixing ratio are crucial components for SOA praihrc [8]. At

low NOy levels, hydroxperoxides from peroxy radic&e@ction 1.1 and ozonolysis
reactions are a major contributor to SOA levels,esgas at high NP levels, RQ
preferentially reacts with NO to form alkoxy radeéR0O) Reaction 1.17 or organic nitrates
(Reaction 1.18. Under the latter condition, peroxy radicals edsp react with N@to form
either peroxynitratesReaction 1.19 or peroxyacylnitrates (PAN)Reaction 1.20. Within

the atmosphere, peroxynitrates only last for I&ss tl second, whereas peroxyacylnitrates

12



can last from hours to days, acting as a tempaesgrvoir for NQ and RQ. In the absence
of NOy, peroxy radicals can undergo cross- and selfi@at which give rise to alkoxy
radicals Reaction 1.2) or organic peroxides (in the case of large ;R@dicals)
(Reaction 1.22, or lead to a chain terminating reaction prodgcgarbonyls and alcohols
(Reaction 1.23 [8].

7N
R—H + OH —> R + H0 (1.10)
R Ry A\ /R3 R1\ OH
>=< + ‘OH —> R14'7C'\ or /.C R3
& w on - Ry (1.12)
R Ry Rs ONO,
1 R3 / R1\
>=< + NO; —> R14"C'\ or .C Rs
Rz R4 ONO R4 Rz/
2 Ry (1.13)
o) t i T
~ 0—0
O/iJ 0 R 0
Rs
Ry | —> +
R R, Re L Re
R Re
1 R3 R
— + O3 /O - .
0 o R 0 0—O
Ry R, 3
e
Ry Rs TR
R R ! > 114
t
0—0') O—OH
R1‘<A/FH e R1 <S
R2 R2
(1.15)
RO, + HO, — ROOH + O, (1.16)
RO, + NO —> RO + NO; (1.17)
. [+M]
RO, + NO —— > RONO; (1.18)
. [+M]
RO, + NO, =————=~ ROONO, (1.19)
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: +M
RC(0)O; + NO, ——— > RC(O)OONO,

(1.20)
RO, + RO, —— > RO + R=0 + 0O, (1.21)
RO, + RO, = —— ROOR' + O, (1.22)
RCH,0, + RCH,0, — RCHO + R'CH,OH + O, (1.23)

From the data obtained from a few alkanoamine clearekperiments, Schade and Crutzen
[46], Murphy et al. [12] and Nielseret al. [47] have been able to propose transformation
pathways for amines in the troposphereigure 1.4 displays the photooxidative

transformation pathways of amines.

The most common initial reaction step is the albtiva of a hydrogen atom either directly
from the nitrogen or from one of the R-groups. Titeogen radical can then undergo various
reactions with either NO, NQOor oxygen to yield nitrosamines, nitramines or iarne.
Products from the NO and NQeactions usually yield particulate matter, whidin be
carcinogenic [44]. With enough water vapour preseéné imine can be dissolved and

converted into an aqueous amine and aldehyde aretimved by wet deposition.

If the radical was formed on one of the R-groupgctions with oxygen can either yield an
imine (only from primary and secondary amine prsots) or a peroxyl radical. The peroxyl
radical can then be transformed to an alkoxy radiwaich can either decompose to the
nitrogen radical and an aldehyde, or react with, N@® yield amine nitrate, or react with
oxygen to yield an amide. At low NO concentratioss|f-condensation of the peroxyl
radicals is an alternative pathway. Just like tinene, amides can be dissolved into an

agueous amine and acid with sufficient water vapotine atmosphere.
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Figure 1.4: Amine photooxidative transformation patway in the presence of NQ (adopted from Schade
and Crutzen, Murphy et al. and Nielsenet al. [12, 46, 47]).

Figure 1.5 illustrates the potential products of alkanoamirneormlysis. The pathway

followed depends highly on the degree of saturatibthe nitrogen atom. The initial step of
attack by an ozone molecule yields a high energyaroxide intermediate. It is postulated
that in cases of tertiary amines, this intermedcate be stabilised to yield an alkylamine-N-

oxide. However, it is more likely that this interdigte undergoes rearrangements, by shifting
15
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Figure 1.5: Amine ozonolysis transformation pathwayin the presence of NOx (adopted from Murphyet
al. and Nielsenet al. [12, 45])

a hydrogen either from the nitrogen atom (in cdsgrionary and secondary amines) or from
one of the R-groups to the charged oxygditernatively, one of the R-groups can leave as a
result of radical bond breaking chemistry. In tlases of primary or secondary amines, the
newly formed intermediate={gure 1.5 can either release a hydroxyl radical to give tis
the amine radical described kgure 1.4 or form an imine through the loss of water. A
further reaction pathway is for the intermediateré¢act with ozone. A sequential loss of a
hydroxyl radical and reaction with ozone initiaas R group to break off, yielding a nitro-
compound Figure 1.5. When the H-shift occurs from one of the R-grqupgperoxyl radical
16



is formed after the loss of a hydroxyl radical ahd uptake of an oxygen molecule. This
peroxyl radical can then undergo further transfdroms, which are dependent on the NO
mixing ratios. At high NQ mixing ratios, the radical can undergo the samesfiormations as
shown inFigure 1.4 In the case of losing an R-group, which is nbydrogen atomKigure
1.5), a subsequent H-shift and reactions with two exymolecules and a NO molecule yields

various classes of N-hydroxyl amides.

1.9 Common analysis and characterisation methods

Due to the highly complex transformation and degtiath pathways, the major barrier of
characterising SOA is the sheer number of indiVicipecies present in a sample. Goldstein
and Galbally illustrate this issue by showing tfmtalkanes with 10 carbons, there are 100
possible isomers and thus more than one milliga @@ganic species if heteroatoms are
included [17]. The complexity of the chemical comspion has resulted in three

characterisation methods: indirect, off-line andliae techniques [18].

Indirect methods infer the SOA content by subtrarthe measured POA content from the
total organic aerosol content. Off-line techniqueelude Gas Chromatography/Mass
Spectrometry (GC-MS), Gas Chromatography-Flameshion Detection (GC-FID), Liquid
Chromatography/MS (LC-MS), Isotope Ratio Mass Specetry (IRMS), optical-thermal
technique for EC/OC, and Nuclear Magnetic ResongiNdR) and Fourier Transform
Infrared (FTIR) spectroscopy [18, 48-50]. FTIR calso be used for online analysis. The
disadvantages of some these techniques are thextimti methods and the required sample
size for a qualitative analysis. In order to analgerosol off-line, it has to be collected (e.g.
onto filters) and then extracted using methods swsh solvent extraction [28],
supercritical fluid extraction [51] or thermal destion [52] prior to analysis. When
using these extraction methods, typically variootvents and pre-treatments have to be
employed occasionally with subsequent derivationerder to analyse the majority of the
sample [18]. Despite these measures, it cannoubeagteed that the analysed aerosol from
the filters is a true representative sample ofad®sol of interest, as effects such as filter and
solvent affinity may alter the true distribution thfe species present. Additionally, some of
these techniques provide only limited informatiantbe chemical composition of the aerosol,
such as the functional groups when using FTIR atneunt of organic carbon present in the
sample when using EC/OC optical-thermal methodshercarbon isotope ratio when using
IRMS. While the latter three techniques provideoinfation on a small class of aerosol,
GC/MS and LC/MS can elucidate the individual organompounds in the aerosol on a
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molecular level. However, these MS techniques aybkly specific and henceforth can only
analyse a very small percentage of the total aknmsss for each individual set-up or
settings.

In certain cases (semi-)on-line techniques are nf@veurable, especially as they do not
require extraction techniques. Aerosol Mass Spewto/ (AMS) and Particle-Into-Liquid
Sampler coupled to lon Chromatography (PILS-IC)urnexj both less time and sample
guantity to produce reliable data [18]. They arevéxger not without their limitations. The
AMS instruments are commonly employed in field ekpents [53, 54] and provides
information on the sulphate, nitrate, ammonium,odtle and organic content of aerosol
through sample fragmentation [55]. PILS-IC has beeployed extensively for both field
and chamber experiments [12, 18, 20]. Unlike AMB.SPIC does not lead to fragmentation,
but separates species according to their chardeHibvever, some issues such as co-elution
of species, for instance ammonium and methylammmopiand the fact that only water-

soluble ionic species can be analysed remain #isaymt limitation of this technique.

Currently, no perfect instrument exists which pdad a satisfactory analysis in terms of
100 % mass balance, chemical composition and tinie size resolution. Researchers are
forced to use complementary techniques to gath#icismt data to obtain an adequate
analysis of aerosol masBigure 1.6is a plot of the commonly used analytical teche&ju

applied in aerosol research.
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Figure 1.6: Three dimensional representation of comonly employed analytical techniques in aerosol

analysis. Image adopted from Hallquistt al. [18].

1.10 Summary

Aerosol consists of suspended particulate mattethén atmosphere and remains of great
interest due to its structural complexity, whichetmines its effect from a local to a global
scale [1, 6]. On a global scale, aerosol not onfljuences RF, but is the source of CCN and
IN, and therefore has the potential to change #mhEs albedo by changing cloud cover and
longevity [3, 5, 6, 19, 20]. On a local scale, thest apparent consequence of high aerosol
load is decreased visibility [9]. However, advengalth effects, such as a higher risk of blood
clotting and pulmonary inflammation due to a prged exposure to high concentrations of

particulate matter, are of major concern [56].

Aerosol composition depends on emission source lapdl atmospheric conditions. Its
chemical and physical properties, such as compositivater solubility and particle shape
dictate the formation, growth, chemical reactivayd removal processes of aerosol [3, 9].
One of the major sources of condensable matemaletventually leads to aerosol formation is
VOCs. They are either from biogenic or anthropogesaiurces [1, 26, 29-31]. If the VOCs’
vapour pressure is low enough, it can condenseowtithtmospheric transformation chemistry
and is considered POA. Meanwhile, particulate madtesing from VOCs that underwent

photooxidative and other atmospheric reactionsnsiclered SOA.
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In recent years, carbon capture technology hasvestattention to reduce G@missions
from industrial plants. This technology uses agseslhanoamines for gas scrubbing [40, 41].
As the gas stream is in intimate contact with tblvemts, direct or fugitive alkanoamine
emissions are inevitable. Despite the increasexant in CCS technology, little research has
been conducted on the degradation and transformatithe alkanoamines in the atmosphere,
how they initiate aerosol nucleation, or their ipan human health and environment by
SOA formation [13].

However, currently no perfect instrument exists,iolthcan provide a complete aerosol
analysis. Therefore when analysing aerosol genasisospheric transformation chemistry,
and aerosol composition, researchers are forceddaomplementary technigues to generate
sufficient supporting data prior to attempting tocgdation and explanation of these complex
mechanisms [18]. As a consequence of the currentalions, each of the three aspects on

aerosols provides ample opportunities for aercssgarch.

1.11 Project Aims

The long term objective of the current project asunderstand nucleation process(es) for
aerosol generation by the amines MEA, PZ and 2-as8imethyl-1-propanol (AMP). As the
recent CSIRO report suggests a different nucledimaviour for MEA in contrast to well-
studied non-amine VO{46], the aerosol production from these specietheilexamined as

a function of alkanoamine and N@ading and composition of aerosol generated hbell
determined in terms of organic and inorganic fawi These data may help clear up the

different nucleation behaviour.

However, before these crucial experiments can Inewtied, CSIRO’s new third generation
environmental chamber has to be commissioned #ted fivith analytical instruments tuned
for the analysis of amine-based aerosol. Angetval’s work also describes the additional
challenges when investigating the atmospheric céieynof amine VOCs [16]. Therefore the
immediate aim of this project is to develop a dqadéamethodology for analysing amines in
chamber experiments by adapting or refining stahdaxperimental procedures to this
compound class. A significant proportion of thisriwavill be dedicated to the incorporation
of the new PILS-IC analytical tool, which is reqedrto determine the water soluble organic

and inorganic fractions of aerosol mass.
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Chapter 2. Chamber description and characterisation

2.1 Description of CSIRO smog chamber

All experiments were performed at the CSIRO sitdNatth Ryde in Sydney. The CSIRO
indoor chamber is a rigid rectangular chamber witthhe dimensions of
1.98 m (height) x 5.07 m (width) x 2.46 m (breadgfjing a volume of 24.7 f a surface
area of 54.8 mand a surface-to-volume ratio of 2.22niThe frame consists of light
aluminium and is mounted onto an aluminium sheetavered by FEP 100 Teflon® film
(DuPont, 0.025 mm) and enclosed by highly polisakeeninium, maximising reflection. The
Teflon film allows the chamber to be flexible digigas introduction and extraction, reducing

variance in internal pressure and aiding mixingtigh wall movement.

When not in operation, the chamber is continuotisished with clean air. The clean air is
provided by a compressor unit (CompAir D22H) modnggternally to the laboratory facility
and sequentially purified by a swing system comgjsbf charcoal and molecular sieve

conditioners.

Two modules fitted with highly polished aluminiumflectors containing 40 black-lights each
are mounted externally of the Teflon wall at eacid ef the chamber. The lights are
positioned ~50 mm from the Teflon walls to minimmaface heating on the film. In each
module half of the lights are filtered black-lightSylvania F36W Blacklight Blue, 36 W,
BLB) with a primary range of 350-390/400 nm withagantensity at 368 nm, while the other
half consist of unfiltered black-lights (NEC FL40SBamps, 40 W, UFBL) with a primary
range of 300-400 nm with some peaks between 400r860@nd peak intensity at 365 nm.
When operated simultaneously, the primary rangissto 310-400 nm and the peak intensity
to 365 nm. The Teflon walls have negligible absorptn the actinic region.

There are six transfer ports built into the chamells, four of which contain sample line
inlets to introduce VOCs, and NQ, and outlets to draw sampling air to the monitgrin
instruments. Two of the ports are used for the arsrirequired for directing the FTIR’s IR

beam.

2.2 Gas sample injection system

Mass flow controllers (MKS Instruments, 1179B sgriMFC) are used to control makeup,

carrier, diluent and reactant gases injected ihtoadhamber. There are two manifolds, one

controlling carrier gases and the injection of logérbons and amines (Manifold 1), while the

second controls the injection of N@pecies (Manifold 2), as shown in the panel pectiar
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Figure 2.1 In past work it had been observed that aminawnddrparticles prior to injection
[57]. Separate manifolds are used for reactive V&A@ the NQ reagents to prevent any

possibility of reaction within the manifold.

Figure 2.1: The gas control panel with digital Muli Gas Controllers (black) on top. Manifold for carrier

gas and VOCs is on the right (blue and green), wigilthe manifold for NO, reagents is on the left (orange).

Prior to chamber operations, the mass flow corgrslare calibrated by measuring the flow
rates of nitrogen gas, clean air, NO ip, NO in He, and propene in,Nvith either a custom
made bubble meter for low flow rates (5 mL thin 200 mL mift) or a Bios Defender 510h
(MesaLabs) for high flow rates (200 mL rilir- 20 L min') to determine the divergence of
the flow rates at laboratory operation tempera{tt@8 °C) from the electronically set flows
on the control panel (MKS Multi Gas Controller 6).7€or each MFC, at least four different
flow rates were measured in quintuplets before edimg the obtained data to standard
temperature (273.15 °R) and pressure (1 bd?) (STP) using the equation

P T
QSTPZQMXFX?O1 (1)

whereQsrpis the flow at STPQy the measured flow rate (either L rfior mL min®), P is
the measured pressure ands the measured room temperature in Kelvin. Forvhkes
obtained from the bubble meter, in which procegsghs stream becomes saturated in water

vapour, the flows are corrected by

P-Py,0

Qcorr = Qu X P’ (2)
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wherePy o is the temperature dependant value for water vapehich is determined using

Equation 3 [58].

P T
In(—2) = (@17 + @1° + @37 + a, % + agtt + agU"5) x5 )

c

where P. is the critical water pressure (22064 kPa), is the critical temperature
(647.096 °K) = 1-T/T,, and then-values are tabulated belowTable 2.1

Table 2.1:a-values for equation 3, published by Wagner and Prgs [58].

o 1 2 3 4 5 6

value | -7.85951783 1.84408259 -11.7866497 22.68074115.9618719 1.8022502

The calculated STP and RT flows for each samplatpeere averaged and then plotted
against the electronic input values to yield calilan plots (se€&igure x1.1 in Appendix | for
example). From the calibrations, propene-, NO- &l@}-injection times, and carrier gas
settings for calibrating the N@etector were calculateBquation 4 allows the calculation of
chamber concentrations of the required gas forgawgn injection timd, whereQ is the flow
rate at STPT is the chamber temperatui®, is 273.15 °K,cgas is the concentration coming
from the gas cylinders anMnampedS the chamber volume. It was assumed that thesyresn
the lines and the chamber did not change signifigafherefore the flow rates only had to be
corrected to the chamber temperature, which onageemwas 23.5°C prior irradiation
experiments.

thx%
Cchamber = Cgas X Vv 4)

chamber

Similarly, correcting the flows of the other MFGerh STP to chamber operation temperature
was achieved by applying the temperature coefficién,.

2.3 Liquid sample injection system

Unlike propene and NQ most sample compounds of interest are liquidserdfore the
manifold could not be used directly to inject amdlgse the photochemical transformation of
e.g. mxylene or MEA Gections 2.5.4and4.1). Instead, they are injected using glassware
specifically designed for the introduction of suedmpounds to the chamber, as illustrated in
Figure 2.2 The liquid sample is first placed onto the exaérwall of the internal glass
tubing, before opening the valve, which allows tie¢ air controlled by Manifold IT{ecomp™

T > b.p) to transport the sample in the gas-phase intchhenber. As the sample volumes are
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small (10-30 pL), careful application onto the mtd glass wall will lead to the liquid
remaining on the walls due to surface tension. dduce heat loss to the environment and
prevent recondensation of the sample onto the gladls, the glassware is insulated by

fiberglass during the injection period, which tygly lasts for 0.5-1 hour.

Figure 2.2: Top shows the glassware in position fdiquid sample injection. Bottom is a schematic othe
injection process: The liquid sample is introducednto the walls of the internal glass tube by a sympe
through a septum. The hot air Tgecompostion > T > b.p) then transports the sample in gas-phase into the
chamber. When in operation, the glassware is wrapge in fiberglass to reduce heat loss to the

environment.

2.4 Monitoring Instruments

There are several analytical tools attached toctisember to monitor its internal conditions.

The ozone mixing ratios are monitored by a UV phattrvic analyser (TES 400E).

NO, NG, and NQ mixing ratios are measured by a chemiluminescemadyser (Ecotech
EC 9841). Prior to major experiments, it is calibthby passing 300 ppbv of a certified
mixture of NO in N (100 ppmv, BOC gases) through the analyser. Tie ldgger returns
the mixing ratios for NO, N@and NQ. NG, is the signal for all detectable species, which
include PANs, HN@, HNO,4, HONO, NG, N2Os and RONQas well.
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The photochemical reaction processes will be magttoby long-path (=160 m) FTIR
spectroscopy (Thermo Nicolet iS50 with a MCT deiectFor this work, the FTIR was not
capable of producing quantifiable data, as the 4oailp beam had not been aligned perfectly

to the mirrors.

The internal and external chamber temperatures mesured using K-thermocouples, and

the RH was measured using a calibrated humidityerature meter (Center 313).

Particle number concentration and size distributieere collected by a scanning mobility
particle sizer (SMPS) consisting of an electrostatassifier (TSI 3080). This instrument
selects particles based on their electrical mgbilithich is dependent on particle diameter.
Particles between 14.6 and 661.2 nm were scannéuelgtassifier with a 0.071 cm impactor
jet before being introduced to a condensation g@arttounter (TSI 3776, CPC), where they
were optically detected by growing particles indngl vapour.

2.5 Chamber characterisation

Smog chambers provide a platform to conduct cdetlolexperiments without the
complication of meteorology, emissions and mixirfi(e@s. As the environments in the
chambers are an artificial construct, it is cruttalindertake characterisation experiments in
order to produce good models and compare theseedb world situations. Previous
publications have shown a range of chamber auxifia@ction mechanisms, which have to be
taken into consideration for a full characterisatiof the chamber [58-60]Table 2.2
summarises some of these mechanisms and indicaethev they have been quantified in

this work.
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Table 2.2: Auxiliary mechanisms for chamber-dependat reactions, modified from Hyneset al [58]

Reaction Quantified Parameter Uncertainty
0; — wall Yes 561 x 10s' | 6.6 x 10°s?
Aerosol— wall Yes -5.11 x 16s?

SeeTable xI.1

to ) )
in Appendix |
2.72 x 10s"

hv + wall - HONO No — —

NO, — 0.5 HONO + 0.5 wall-HN® No — —

N>Os + HO — 2 wall-HNG;, No — —
Wall-HNO; + hy — OH + NG, No — —
HNO; — wall-HNO; No — —
NO, — wall No — —
[HONOJ, Yes < 0.1 ppbv —

%ased on previous experience [57]

2.5.1 Propene/NQ, experiments

When the construction of the chamber was closemaptetion, one of the first experiments in
the commissioning stage was to perform propeng/Biperiments. The photooxidation of
propene alone does not yield any particles [61],thes break-down and transformation
products are too high in volatility to undergo peet formation or condensation. If there is
sufficient residual reactive material within theaatber, particle formation will be observed.
Therefore this is a useful protocol to both deteerthe cleanness of the chamber, but also to
remove contaminants or residuals from previous exgmts, as depicted ifigure 2.3

Table 2.3summarises the performed propene experiments.
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Table 2.3: Summary of propene/NQ experiments

Exp. Duratioft/ h NO / ppbv Pr;;)r?t?\?e/ Max pzrgﬁ'i% count/ I\\//I(z)alﬁimgr/nupr%r(t:i;%le
PN 1 5.77 194 483 26577.23 4.17 ¥'10
PN 2 6.71 48.5 121 7032.00 3.84 x110
PN 3 8.14 48.8 182 3733.25 6.73 X110
PN 4 7.21 48.8 182 3600.77 1.27 ¥10
PN 5 6.80 48.8 182 2536.48 2.64 110
PN 6 6.74 48.8 182 263.26 9.72 x°10
PN 7 5.67 48.8 182 412.28 2.98 x'10
PN 8 6.91 48.8 182 137.79 1.55 x40
PN 9 5.38 48.8 182 248.97 8.64 x°10
PN 10 5.40 48.8 187 48.04 4.92 X110
PN 11 7.56 48.8 182 62043 2.98 x 10'
PN 12 3.36 48.8 182 13.28 2.06 x"10

% rom “lights on” until last data point from SMP$¢tefore includes start of flushindPerformed after MEA

injection
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Figure 2.3: Comparison of particle formation during propene/NQ, cleaning runs in Experiments PN 2-6.

Green is Exp. 2, red Exp. 3, yellow Exp. 4, dark ble Exp. 5 and light blue Exp. 6. The zero-point is

defined by turning on the UV-lights, whereas the degine of particle nhumbers around 300 min is the

moment when chamber flushing was initiated.
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2.5.2 NO; photolysis rates

For indoor chamber experiments, blacklights andthet Sun are the source of UV light.
Therefore the N@photolysis coefficient has to be measured, aslitdiffer from ambient

conditions. The resulting coefficient is a measofehe total light intensity output of the
chamber and is subsequently utilised to correcimtfest models to ambient conditions.
Additionally, the photolysis rates of other speciesn be determined relative to this
coefficient from known light emissions spectrum akdown wavelength-dependant

absorption and quantum yield dissociation rategémh species of interest.

NO, photolysis rates were measured by steady stateoawttry for four light settings [62]:
all lights, half of both types, BLBs only, and UF8lonly. This method involved injecting
209 ppbv of NQ@ from a certified N@He mixture (0.4 %, BOC Gases) into the chamber,
followed by irradiation. As illustrated iRigure 2.4, by continuously monitoring the NO, NO
and Q concentrations during the established steady, stegephotolysis rate coefficienlyo,

was calculated by using following equation,

__ kno+03x Cozx Cno

]NOZ - , (5)

Cno,

which is derived fronReactions 1.1-1.3Section 1.8. The concentrations are measured in

molecules cril, while knoso, is empirically determined to be 2.07 x"fo« €*4°“[63]. On

average, each steady state was monitored for an h@ywas calculated for each data point
recorded 10 min after the lights had been switabredensuring that a steady state had been
achieved. The conversion of mixing ratio to concaign and the value okyo:o, are

temperature dependant. The chamber temperaturdogged during the experiments. It is
assumed that no significant changes in pressuner ataing the experiment. In a final step
the Juo, Were averaged to give rise to the values presantédble 2.4 The values for the

averages (avg) and the standard deviations wem@neblt by pooling the data of the two

experiments.

Table 2.4: Experimental results for NG photolysis rates

Exp| JnopAll / mint Jnop Half/ min' Jnop BLB / min'™ Jnop UFBL/ min™
N1 | 0.490+0.033 0.279 + 0.016 0.346 + 0.022 0201015
N2 | 0.534+0.035 — 0.358 + 0.025 0.246 +0.018
avg | 0.512+0.027 0.279 + 0.016 0.352 + 0.013 0287009
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Figure 2.4: O; and NO, mixing ratios logged by the respective analysersif photolysis experiment N2
2.5.3 Wall loss of G

One of the identified auxiliary mechanisms is thepakition of ozone to the walls. This
becomes important for longer experiments, whichuireqozone concentrations for kinetic
modelling, as then they have to corrected for thene loss to the walls. The wall loss of O
proceeds in a first order reaction, therefore bjedting a known starting amount and
monitoring the ozone decay, the rate loss constant be evaluated. Three ozone loss
experiments were conducted: two test experimerdsaathird one, which quantified the wall

loss over four days.

For the final ozone experiment (Exp. 19), ozone gaserated by a small cell containing a
mercury lamp which operates at 254 nm and photslyse/gen to ozone from clean air
passing through the cell. After 1 hour 40 minutek34 ppbv ozone had been injected into the
chamber and was left to rest for 90 hours. The todng devices were switched off after 4.5
hours after the injection and switched on for tloarth day to finish the wall loss
observationsFigure 2.5 illustrates the decline of ozone throughout therfday period,
plotted as the natural log of concentration agaiimseé. The resulting rate loss constant is
(5.6112 +0.0011) x 10 s™. This value is both lower than the reported valfiel x 10°s™

by Hyneset al. [58] for the first month of chamber operations dhd values presented in

Table 2.5 It is expected that the ozone wall loss for tthamber will decrease after some
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years of operations, as Hynetsal.observed their wall loss rate drop by ~80 % to s

after three years.

Table 2.5: O3 wall loss rates from other chambers

Publication Wanget al. Grosjean Blosset al. Metzgeret al. | Current work
(2014) [64] (1985) [46] (2005) [59] (2008) [27]
Chamber 30 60 200 27 24.7
size /I n
Wall loss| 2.18 x1¢ 0.8-5 x 10 3 x10° 4 x 10° (5.6112
rate / & 0.0011) x 10
29.2
"-’g 29.15
< 29.1
E
£
~ 29.05
S
T 29
28.95 T T T T T 1
0 1000 2000 3000 4000 5000 6000
time / min

Figure 2.5: Natural log of ozone concentration plded against experimental time (minutes) to obtain il
loss rate coefficient for experiment 19. Regressicstatistics are a slope of -3.367 x fat 6.6 x 10°min™,
while the intercept is 2.917 x 10 + 2.7 x 10>, R* is 0.9990 and the residual sum of squares is
1.653 x 10 min®

2.5.4 Particle wall loss

Loss of particles to the reactor walls is a commbanomenon for all atmospheric chambers
and is influenced by diffusion, chamber shape &edcharged walls [64, 65]. Various studies

have analysed the influence of these variablesaoticfe deposition, such as the rate loss of
charged and neutral particles in electrically ckdrghambers [66] or the deposition rate as a

function of chamber shape [67].

Based on a report for the particle loss to the svall CSIRO’s second generation chamber
[65], the most significant factors to aerosol lass particle size, stirring intensity within the

chamber, electrical charging, vessel shape andaenpe differences within the chamber.
For the current chamber, the two most prominenbfacare stirring and particle size, as the
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rectangular shape of the vessel is easily accodateahd there are no significant temperature
changes within the chamber. As Teflon is not comepjeinert, electrical charging might
contribute slightly to the wall loss rate. Howeveosmpared to the glass walls of Seinfeld and
Crump’s chamber where the work on patrticle loss wiisted, the significance of this factor
is highly reduced [65, 67].

Through the work of Fuchs [68], Takekawda al. [69] and Wanget al. [64] it has been
established that the particle wall loss rate igpproonal to particle concentration and depends
on particle size. Therefore the wall loss rate loanletermined by first-order kinetics as stated
in Equation 6, where N(d,, t) is the particle number concentratiot}, is the diameter

midpoint of the “particle bin”, and is the wall loss coefficient [70].

WD _g(d,) x N(dy £), (6)

This equation can be integrated and rewritten ¢éalpceEquation 7, which allows to plot the
natural logarithm of the particle count versus tis®s can be determined from the slope.

In (V(dy. ) = ~B(d) x £+ K @

For this experimentixylene (11.3 mg, 0.000106 mol, 104 ppbv) was iigedor 1 hour 15
minutes into the chamber at 2.5 L miand a line temperature of 57 °C. At the time of
injection the RH of the chamber was 7.2 % and ¢éneperature was 23.4 °C. After allowing
the mxylene to mix through diffusion for an hour, a thero air plant was offline due to
maintenance, 30 £ 1 ppbv NO was injected into tretber and allowed to mix for a further
hour. Next the UV-lights were turned on for 6 hotospromote particle formation through
photooxidation. After approximately 40 minutes et formation was observed and within
the first hour maximal particle count was recordedring the 6 hour irradiation, the particle
count started to decrease, while the particle veluntreased. This is to be expected, as
smaller particles grow into particles that resil¢hieaccumulation modby condensation and
to a small degree coagulation. After turning the-ligits off, the analytical instruments and
the injection lines were disconnected from the dhamtefore sealing the inlets.

In the morning only the SMPS was reconnected tactt@nber in order to minimise particle
loss through other outlets. When comparing the fineasurement on Day Two to the last
measurement on Day One, it became apparent thdtefuparticle growth had occurred
during the night. On Day One the highest partidant was for the 101.8 nm bin, while on
Day Two the highest count had shifted to the 11Mh® bin. This growth could be a

consequence of SVOCs non-reversibly partitioninig the aerosol phase in the dark or a shift
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of the equilibrium between evaporation and repartihg of SVOCs to the particle phase.
Therefore the particle wall loss rate was calcddte the data points collected on Day Two

only, as it was assumed that by this time theremweesignificant particle growth.

By using the first-order kinetics approach desdtibarlier, the wall loss rate for the particles
with diameter midpoints of 51.4 nm to 181.4 nm weetermined. Bins containing lower or
higher particle diameters showed inconsistent arsifficient particle counts during the
analysed time frame. The results are present@dlote 2.6

Table 2.6: Calculated wall loss rateg for particles in the range of 51.4 nm and 181.1 nmsing a first-
order kinetics approach, as established by Wang al and others [64, 69].

Bin/nm 51.4 53.3 55.2 57.3 59.4 61.5

Rate / mift | 6.235 x 10 | -3.066 x 10/? | 1.517 x 1¢ | 1.358 x 1G | 8.722 x 10 | 1.293 x 10

Bin/nm 63.8 66.1 68.5 71 73.7 76.4

Rate / mift | 1.631 x 16 | 1.442 x 1G | 1.304 x 1¢ | 1.221 x 1G | 1.513 x 1G | 1.244 x 1CG

Bin/nm 79.1 82 85.1 88.2 91.4 94.7

Rate / mirt | 1.465 x 16 | 1.107 x 1G | 1.151 x 1¢ | 1.022 x 1G | 1.115 x 1G | 9.735 x 1d

Bin / nm 98.2 101.8 105.5 109.4 113.4 117.6

Rate / mift | 1.080 x 16 | 9.539 x 1¢ | 1.022 x 1¢ | 7.696 x 10 | 8.176 x 10 | 9.554 x 1¢

Bin/nm 121.9 126.3 131 135.8 140.7 145.9

Rate / mirt | 8.036 x 10/ | 6.580 x 10 | 6.642 x 10 | 6.609 x 10 | 6.468 x 10 | 4.689 x 1d

Bin / nm 151.2 156.8 162.5 168.5 174.7 181.1

Rate / mift | 5.451 x 10t | 5.845x 10 | 2.170 x 1¢ | 3.996 x 10 | 2.261 x 10 | 3.196 x 1d

*negative value indicates growth instead of decay

Next, the particle wall loss was simulated using tiew/-values and the values from the
second generation chamber [65]. Both were compdcedhe experimental data. As

anticipated, when compared the new wall loss rsitesilated the particle loss better than the
old rates, especially for particles with largerndeters, as shown iRigure 2.6 and Figure

2.7.
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As the SMPS-CPC settings used for the determindtiothe particle wall loss rate were not
sensitive enough for smaller particles, in futuxperiments one should consider extending
the acquisition time to increase accuracy at smallanbers of particles. Furthermore, in
order to determine the wall loss rates for the iiemg bins, another compound should be
used that produces sufficient particles in the eanff 181.1-661.2 nm. Additionally, the
current f-values should be tested in other particle losseexents to determine their

versatility for other systems.
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Figure 2.6: Particle wall loss for particles in thel40.7 nm bin simulated with new and olgs-values and
compared to raw data
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Figure 2.7: Residual plots for newBi49 7nnrvalue (left) and oldpi40 7nnrvalue (right) simulations from Figure
2.6

In summary, this experiment was successful in updathe wall loss coefficients for a

portion of the particle bins analysed by the newPSMCPC and therefore corrections for

particle loss can be made for these bins in futdperiments. However, as stirring intensity is

one of the crucial variables influencing particlalwloss, these experiments should be
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postponed and repeated once the mixing inside kiaenber has been improved by e.g.

installing fans inducing the Teflon walls to osaié.

2.5.5 Outstanding characterisations

As shown inTable 2.2 there are still several auxiliary reaction mecgtas, which have to be

quantified for the new chamber. These will be agsied within the coming months.

e The wall production of HONO can be measured bygering a clean irradiation
experiment and subsequently modelling thg &d NQ concentrations and
incorporating HONO concentrations when availabéegdane by Rohrest al [71].

e The background concentration of hydrocarbons catelermined either by modelling
the results obtained for a clean air irradiatiopezkment [58], or using an FID.

e The hydrolysis of N@to HONO and absorbed N@nd the gas-phase hydrolysis of
N.Os to adsorbed HN@can be determined through simulations using geeerat
experimental data from clean air, low N&r, CO-NQ-air or CO-air irradiation
experiments [58]. An alternative method is to uakigs from previous publications,
such as Blosst al.or Hyneset al.[58].

* NO, NG, propene and HNOwall loss rates have to be determined experimigntal
The NO, NQ, HNO; and propene wall loss coefficients can be estichatghe same

manner as ozone depositidetion 2.5.3.

2.6 Further chamber improvements

There are three major improvements that can be toathe current chamber. First, the long-
path FTIR still has to be aligned properly. As t@iened path length for the IR beam is
~160 m, it remains a great challenge to precisegnahe beam with the mirrors to get a
signal which allows quantifications of gas spedresitu. Secondly, mixing of the introduced
species currently relies on either diffusion ornttyoducing short, strong pulses of pure air. In
future, it is intended to install fans below theaotber, which will induce oscillation in the
Teflon walls, enhancing and ensuring continuousimgixhroughout experiments. Finally, the
current zero air plant does not have a functiond@ipumidifier. For later experiments,
especially in the summer months, where humidity sk and reach critical levels for amine
irradiation experiments, it will be a necessitynave a functioning dehumidifier to control the
chamber’s internal relative humidity. Previous expents on amine systems have shown a
significant sensitivity to humidity [72]. Currentlgrrangements are being made, so that

humidity becomes controllable in the coming months.
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Chapter 3. Particle-into-Liquid sampler and lon Chromatography

3.1 Particle-into-Liquid Sampler

The Patrticle-into-Liquid Sampler (PILS) used forstiproject was obtained from Metrohm
AG and is based on the improved version describetbiail by Orsinet al [73]. In brief, the
principle of a PILS is to collect particulate matéad dissolve it into ultra-pure water yielding
a solution containing the water-soluble componeoitsaerosol, which in turn can be
guantified by methods such as, but not limited@,LCMS and EC/OC-analysers [73, 74].

A
Conical Wall for Expansion >
of Steam Jet Y Dilution Lig. Flow
PILS
Sample Air
Flow 15 /min
Steam S - ”.‘ . DI Transport Flow
Generator Drains s ‘

T T e A :

Water P Wicking

| Mesh
I -

\ / O-ring
i Grown Quartz |
! — Droplets —> r\/;};f Impaction |

i i Surface

i

Single Jet i

_‘ !7 Nozzle

Sample out

Impactor
Drain

Figure 3.1: Schematic of PILS, adopted from Orsingt al [73]

Growing water droplets from particulate matter @hiaved by first mixing the air flow
(16.7 L min®) containing aerosol from the chamber with a smdlav of 150 °C ultra-pure
water steam, as shownhigure 3.1 The cooler air stream then rapidly cools the wsiieam
adiabatically and generates to a supersaturatetdoament, in which water droplets with
diameters larger than 1 um grow from aerosol dadicThe droplets are then collected by a
guartz impactor plate and then transported to thie® analyser by a slow flow of deionised
water spiked with an internal standard. Due todheespondence between the CSIRO PILS
instrument and that described in Orseti al, it is assumed that the CSIRO PILS has a
collection efficiency of 97 % for particles rangifigm 30 nm to 10 um, and an upper size
limit of 11 pm.
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3.2 lon chromatography

The IC-system is a 850.3030 Professional IC AnB&DIS obtained from Metrohm AG. It
consists of two 250 pL sample loops, one for eanlchromatograph column, two columns, a
thermostat, two IC conductivity detectors (Metrohang a set-up for anion suppression. The
original cation column was a Metropsep C4 100/4.0nd a run  with
1.7 mmol L HNOs/ 0.7 mmol *  dipicolinic acid, while the anion column is a
Metrosep A Supp 100/4.0 and 3.2 mmdi Isodium carbonate / 1.0 mmofLsodium
bicarbonate is the eluent. The anion suppressiaaciseved by the Metrohm Suppressor
Module, in which the anion’s counter ions are repthby hydrons, increasing the sensitivity

of the subsequent conductivity analysis.

Modifications to the instrument were made to achidetter separation for amines by
installing a Metrosep C4 250/2.0 cation column.sTHid not require a change in eluent.
Improvements to anion separation aimed at orgamana were attempted by the installation
of a different column (Metrosep A Supp 15 250/41)t not pursued due to difficulties in
achieving the required operating temperature ferathion column.

3.3 Calibration experiments

Quantitative and qualitative analysis requiredlpalion of the IC hardware and software for
particular species of interest. Retention times doselection of prominent organic and
inorganic ions were determined by direct injectioto the IC, to allow identification of most
peaks from the conductivity analysis for each sampAdditionally, ions of higher
significance, such as lithium (internal standaMIEA (amine of interest), ammonia (product
of MEA photolysis) and nitrate (product of photag)swere calibrated in order to quantify
changes of aerosol composition during the cours¢hefphotolysis reactionslable 3.1
summarises all retention times available for th@ooa (long column) and anions (short

column) analysed during the project.
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Table 3.1: Retention times for cations and anionsralysed during the project. Cations were injected ato
a Metrosep C4 250/2.0 at 0.2 mL mih and 30 °C and anions onto a Metrosep A Supp 10004 at
0.7 mL min™ and 30 °C. Abbreviations used: Ac — acetate, Glyglycolate.

Cations
Species L Na' NH," MEA* K* ca” Mg**
Retention time / min 9.88 11.88 12.98 14.44 16.42 6.28 44.27
Peak width at half 0.2C° 0.2 0.22 0.26 0.28 0.79 1.06°
max. / min

Anions
Species F Gly Ac cr NO, Br NOs; | SOZ | PO | O~
Retention time 341 | 356 | 3.87| 4.60] 5.28 6.4Y 7.25 9.60 10/81 12.43
min
Peak width at half 0.12 | 0.172 | 0.24 | 013 | 022 | 0.16 | 0.18 | 0.24 | 0.24 | 0.3P
max. / min

%injection concentration 106y L™. "injection concentration 50g L™
3.3.1 Cations
3.3.1.1 Lithium, Sodium, Potassium, Calcium and Magnesium

These cations were calibrated by injecting sefilatidns from a 10.0 mg k§+ 0.2 % muilti
ion standard (Fluka), as shownTable 3.2 For the dilutions precision micro pipettes and
MilliQ water (R = 18.5Q) were used. Due to long run times (50 minutes)y daplicates
were collected for this calibration

Table 3.2: Dilutions used for cation calibration fa IC system

Sample 1 2 3 4 5

Concentration 1.gL* 5.0pg L* 10pg L? 25ug L™t 50ug L

During the injections traces of ammonia were det&ctwhich were introduced during
sampling handling. The most important componenhefmulti-ion calibration is lithium, as it
is required for the quantification of the interséndard in aerosol-water samplegure 3.2
shows the calibration plot for lithium, whileable 3.3summarises the calibration data for the

all species.
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Figure 3.2: Calibration plot for lithium. Statistic al analysis from a linear regression yields that ta slope is
0.03330 + 0.00042 puS min L cipg?, while the intercept is -0.025 + 0.029 ug't, R? is 0.9990 and the

residual sum of squares is 0.006616 fi&in? cm™.

Table 3.3: Statistical data for the cation calibratons from multi-ion injections

Species Lithium Sodium Potassiunm Calcium Magnesium
Slope / 0.03330 = 0.0140 0.00666 + 0.0139 + 0.01763
S min L et pg* 0.00042 0.0019 0.00090 0.0022 0.00031

Intercept / pg s -0.025 £ 0.029 -0.10+£0.13 -0.041 + 0.061 -0.2235 -0.088 +0.021]

R? 0.9990 0.9023 0.9019 0.8646 0.9982
SSec/ 0.006616 0.1318 0.03012 0.1895 0.003496
uS min® cni?

The calibration data for sodium, potassium andigalare not fully satisfactory when taking
the correlation factors and the residual sum ofasegiinto consideration. Both sodium and
potassium were later identified as contaminants Were most likely introduced during
sampling handling (se8ections 3.3.1.2and Section 3.3.1.8 Therefore it is plausible that
random amounts of these species have led to thetred of data quality. However, calcium
was not observed to be introduced during samplaxgdiing. Consequently, when deemed
necessary to quantify these species in future, strongly recommended to do a third run to
improve the plots for sodium and potassium by rengpguspected outliers (ségure x1.2

in Appendix 1) and to perform a new calibration fmalcium, potentially using a different

standard.
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3.3.1.2 Ammonium

Ammonium was calibrated in the same manner as thli-ions. Serial dilutions were
prepared from a 1000 + 4 mg'standard (NECI, TracecCERT®, Fluka), as shown ifiable
3.4.

Table 3.4: Dilutions used for ammonium calibrationfor IC system

Sample 1 2 3 4 5

Concentration 1.0g L* 5.0ug L™? 10pg L™ 25ug L 50pug L

Before starting the analysis of the serial diluspa blank sample was run to determine
contaminants which had been introduced during sampptparation. This injection yielded
traces of ammonium, sodium and potassium. Thiskblas then used to correct the
ammonium concentration by 0.048S min cm® for the further injections under the
assumption that the degree of contamination stayetstant. This correction shifted the

intercept to the origin within uncertainty.

Due to time constraints, each concentration wag analysed once. When time allows, it is
recommended to expand the analysis to triplicateddve a higher confidence in the
calibration data. However, as the current proje&s$ ¥ocused on integrating the PILS with the
chamber operating system, a single determinatiasuéficient to provide preliminary data.
Furthermore, if possible, it should be investigatdather the assumption that the introduced
ammonium during sample preparation remains constgire 3.3 presents the calibration

plot for ammonium.
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Figure 3.3: Calibration plot for ammonia. Statistical analysis from a linear regression yields that th slope
is 0.02211 + 0.00048 uS min L ciug®, while the intercept is 0.004 + 0.012 pg L, R? is 0.9986 and the

residual sum of squares is 0.001081 Ai&in? cm™.

3.3.1.3 Monoethanolamine (MEA)

A MEA stock and subsequent dilutions were prepdrech the pure compound (Aldrich).
The first two dilutions were done by mass to magdsle the serial dilutions thereafter were
done in volumetric ratios, as the concentrationViidA was considered low enough to no
longer alter the density of the liquilable 3.5summarises the stock sample preparation. The
dilutions used for calibration were spiked with@002 mmol [* HNO; solution, which was
prepared from trace-metal analysis grade nitrid #8igma). Due to time constraints, each

concentration was only analysed in duplicakégure 3.4shows the calibration plot for MEA

Table 3.5: Preparation of MEA stock solution (1.1 rg L™) from pure MEA.

a) MEA solutioit/g | HO /g Total Mass / g m:m/ | Concentration
gsolute{gsolvent /g kgl

Solution 1 0.0145 1.0200 1.0345 0.0142 14.2

Solution 2 0.0082 1.0528 1.0610 0.0078 0.11

%pure MEA was used for solution 1, while solutiois 2 dilution from solution 1.

b) MEA solutior? / H,O / Total Volume / V:V/ Concentration
mL mL mL V soiutd V solvent /' mg Lt
Stock Solution 0.040 3.960 4.000 0.010 11

Pprepared from solution 2 in table 3.5 a.
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Figure 3.4: Calibration plot for MEA. Statistical analysis from a linear regression yields that the spe is
0.002273 + 0.000013 uS min L chug?, while the intercept is 0.00100 + 0.00069 pgt, R? is 0.9997 and

the residual sum of squares is 3.043 x 2QS* min? cm®.

As with ammonium and the multi-ion injections, sodi potassium and ammonia were the
detected contaminants. As sodium concentrationsmegeto rise with the MEA
concentrations (seBigure x1.3 in Appendix [), it was assumed that the majoritytioe
contaminants were introduced in the first dilutigtep (solution 1). The origin of

contaminants was later investigat&k¢tion 3.4.

3.3.2 Anions
3.3.2.1 Bromide

Another important species to calibrate was bromadeit is the counter ion to lithium in the
internal LiBr standard. As with the cation specissrial dilutions were prepared from a
1000 + 4 mg [* standard TraceCERT®, Fluka), as presented iflable 3.6 Each

concentration was analysed in triplicates

Table 3.6: Dilutions used for bromide calibration br IC system

Sample 1 2 3 4

Concentration 25.0g L™ 50.0pg L* 75.0pg L* 100pug L™*
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The data was subjected to a Grubbs test at a %&fidence level, as presentedTliable xI.2

in the appendix, and the outliers were rejectegdld the plot inFigure 3.5
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Figure 3.5: Calibration plot for bromide. The two outliers are red. The Statistical analysis from a hear
regression yields that the slope is 0.001319 + 00022 pS minL cnt pg?, while the intercept
is -0.0036 + 0.0014 pgt, R?is 0.9978 and the residual sum of squares is 2.841.0° pS* min? cm’.

3.3.2.2 Nitrate

NOx will not only act as an oxidative species, but edso be oxidized to NOand form
HNO;. Nitric acid can subsequently undergo acid-basactiens to form salt-based
compounds within aerosol. Therefore following thérate formation during particle
generating reactions is of interest, as it allowardification of the organic and salt fractions
produced during aerosol nucleation. For the cdibmanitrate dilutions were prepared from a
1000 + 4 mg [* standard TraceCERT®, Fluka), as displayed irable 3.7

Table 3.7: Dilutions used for nitrate calibration for IC system

Sample 1 2 3 4 5

Concentration 1.00g L* 10.0pg L™ 25.0ug L™ 50.0pg L 100pg L™?

The nitrate calibration was the most challenginge atue to low reproducibility of
concentration readings from the standards. Injtidlvas thought that similar to calcium and
sodium, sample handling could have led to fluctretiwithin the standard concentrations.
However, after analysing MilliQ water injected aftbe final standard run, traces of nitrate
were still observed. This indicated that nitratecés remained either in the external sampling
line or somewhere within the sample loop of theafiparatus. Previous to this discovery the

external sample line and sample loop in the appsrdéiad only been flushed briefly.
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Therefore for the final dilution series the extérsample line was flushed continuously and
the anion column was flushed in between each rumem\éomparing each dilution series, the
final series had the best correlation coefficiemd ahe lowest residual sum of squares (see
Table 3.8. However, this coefficient is not enough to dissihe other two runs. Therefore
all data points were included into the calibratiercept outliers which were rejected by a
Grubbs test at a 95 % confidence level. The resui¢s tabulated infable xI.3 in the

appendix.

Despite a significant improvement of the data $&traemoving the two outliers, in future
one should consider using the approach from thal fililution series to both improve the

calibration presented igure 3.6and to examine whether the method does yield beier.

Table 3.8: Comparison of the linear regression stadtics for three nitrate dilution series

Dilution series 1 2 3 Combined  Outliers removed
R? 0.9858 0.9795 0.9945 0.9667 0.9907
SSesiqua/ 1S Minfcm? | 0.000273 0.000739 0.000126 0.0026D 0.000465,
0.25 -
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€
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Figure 3.6: Calibration plot for nitrate. The two outliers are marked red. Statistical analysis from dinear
regression yields that the slope is 0.001867 + 0005 uS minL cm'ug?, while the intercept
is -0.0013 + 0.0026 pg !, R? is 0.9907 and the residual sum of squares is 0.@839 p3 min® cm?

3.4 Contamination experiment

During the calibration experiments, it was cleaattsample preparation was introducing
contaminants into the standard solutions, as théysis of bottled MilliQ water yielded only
very small quantities of sodium and chloride. Asbasequence, a contamination experiment

was conducted to examine which containers (small lange plastic sample tubes) and
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transferring equipment (plastic pipette tips anasglPasteur pipettes) were introducing the
bulk of contaminants. For the experiment, MilliQ talawas poured into the sample tubes
either directly to test the leaching of the contasnor transferred with the pipettes to examine

their cleannesd.able 3.9below summarises the results.

Table 3.9: Results on injected samples from four sioces of sample contamination. Abbreviations used:
Gly — glycolate, Ac — acetate, Ox — oxalate

C1: MilliQ H20 injected directly into small sample tubes (~15mL

Species Gly Ac Cl | NO; | PO* | SO* | Na* | NH, | K*

Area /uS mincm* | 0.016 | 0.001| 0.014 0.002 0.007 0.0p1 0.051 0.p08290.0

C2: Triple rinse of plastic pipette tips used faxCHransfer

Anions Gly Ac Cl Br NOs SO> PO Ox
Area / 0.315 0.030 0.180 0.001 0.094 0.001 0.194 0.0p4
uS min cntt

Cations LT Na’ NH," MEA" K*

Area/ 0.005 1.307 0.172 0.010 0.510

uS min cnit

C3: Triple rinse of Pasteur pipette used for MEA transf

Anions Gly Ac Cl NO, | NO; | PO Ox ? ?
Area / 0.101 | 3.185| 0.879 0.008 1459 1567 0.235 0.038 030.0
1S min cnit

Cations LT Na" | MEA" K*

Area/ 0.003 14.007| 0.093| 0.194

1S min cnit

C4: MilliQ H,0 stored in ~40 mL plastic tube

Species Gly cl NOs PO Na' K*

Area /uS min cm' 0.006 0.003 0.001 0.001 0.031 0.012

These results indicate that the highest amountmdrities are introduced by using a Pasteur

pipette, including two unidentifiable species (metky “?”), as their retention times did not
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match the database. Therefore in subsequent sgmgparations Pasteur pipettes were not
used. Rinsing the plastic tips for the high-prexispipette tips showed high levels of sodium
and potassium. Consequentially, it was decideth&erthe tips prior to sample preparation in
an attempt to reduce the transferral of inorgaornsi Satisfactory results were obtained for
the small sample tubes, which were used to pregparelilutions aeries and the large plastic
tubes, which were used to store and transport Haageunts of MilliQ HO. Both vessels

showed low levels of contaminants, with the lar¢gstic tubes having the fewest observed
species among all analysed sources. Thereforesitceacluded to be safe to continue using
the storage vessels, while for sample handling somer changes were undertaken for micro

pipetting.
3.5 Internal Standard

The internal standard is required to correct fdutoin fluctuations when the particulate
matter entering the PILS is grown to water droplatsd collected by the impactor.
Additionally, one can estimate the aerosol conegioin inside the chamber. Both require
understanding the interactions of the in- and angdlows of the PILS. By using the
schematic presented igure 3.7 and the generic formula\é; = V,, Equation 11[73] can

be derived fronEquations 8-10

Chamber
H,O C,
\ Q,
std: Cs, PILS ions: ¢,
flow: q, flow: p,,

S:\JP:
ions: ¢,
\L: e std: ¢,

flow: p,.+ q,

Figure 3.7: Schematic of ingoing and outgoing flowmto the PILS and its impactor. S is the flow fromthe
internal standard solution (std), P is the flow othe water droplets grown in the PILS chamber, whileL is

the flow inside the sample loop, which will be angked by the IC-system

General Formula: ciVi =c,V,
ChamberPILS: €y = c’;ﬂ (8)
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P—L: Cp X Pin = €L(qin + Pin)

- Cg — CL(pig.:qin) (9)
S—L Cs,din = €5, (qin + Pin)
cs,
- Pon = Gun (22— 1) (10)
SL
. . _c Cs _c Cs
Combine9and10: ¢, = Q—Z(qm + qin (é - 1)) = Q—Z X é X Qin
i Cs_q — R _ CLqinR
With oy R: Cg =0, (11)

Cq is the aerosol concentration in the chambgrri®), c_ is the ion concentration detected by
the IC-system (g L™), qn is the flow of the internal standard at the toptiwé impactor
(LminY), R is the ratio between the impactor entering andtirexi spiked species
concentrations (Cifor cations, Brfor anions) and, is the is the flow rate of the air entering
the PILS (M min™). Therefore it is necessary to determine the imgo{undiluted)

concentration of the internal standacqlx (Section 3.5.) and its flow rate into the PILS)f)

(Section 3.5.2in order to gather quantitative data from the$ILC.

3.5.1 Make-up

An important aspect of the internal standard idifig a solution, which contains a cation and
anion species, which are neither products fromigaréxperiments, nor present in detectable
amounts in the atmosphere. For this project praesdérom previous publications were
followed by using a lithium bromide spiking solutip72].

Two different batches of internal standard wereared for the MEA experiment€apter
4). The first was prepared from spectroscopy gradeOb (unknown) and the bromide
standard (Fluka), while the second batch was mahe lithium bromide (Sigma)lable 3.10

andTable 3.11summarise the solution preparations.
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Table 3.10: Preparation of the first internal standard batch. Solution 1.3 was a ~1 L solution, whictvas

used as the spiking solution in the PILS set-up.

Solution LICQ?/ g HO/g Tot Mass /g M:M /sgutd Dsolvent Li* conc.
1.1 0.0138 4.0267 4.0405 0.00343 0.354 g K
1.2 0.0898 3.9216 4.0114 0.0229 0.00811 Gk
1.3 1.01 10022 1003.2% 0.00101 8.17 | pglL*

®Solution 1.1 was made from the pure compound, isoisitl.2 and 1.3 were made from the precedingioiiut
®This mass also contained 0.2 mL of the 1000 mdptomide stock solution to introduce 200 L™ Br".

Table 3.11: Preparation of the second internal stadard batch. Solution 3.3 was a ~1 L solution, whiclvas

used as the spiking solution in the PILS set-up. 8dion 3.4 was used as second check for the

concentrations.
Solution LiBA/ g HO/g | TotMass/( m:m / Li* conc. Brconc.
gsolutf! gsolvent
3.1 0.015 4.0192 4.0342 0.0037 0.30 gdkg 3.4 g kg
3.2 0.0113 4.0003 4.0116 0.00283 0.00084 Ykg 0.010 g kg
3.3 0.296 1079.714 1080.01 0.000274 ug L? 930 pg L*
Sol3.1/ | H,O/pL | TotVol/pL ViV / Li*conc. /ug L™ Br conc. /ug L
H L Vsolutf.lvsolvent
3.4 2383 7617 10000 0.3129 200 2300

Solution 3.1 was made from the pure compound, iswisit3.2 and 3.3 were made from the precedingiodlilat

Solutions 1.3, 3.3 and 3.4 were injected direathp ithe IC-system (bypassing the PILS), in
order to determine whether the goal concentratioad been achieved. Additionally, the

determined concentration would yield the valueo‘nghe results are outlined rable 3.12

Table 3.12: Results from direct injections of intenal standard solutions

Solution Calc. Li Detected Li | Discrepancy /| Calc. Bf Detected Br | Discrepancy /
conc. /ug L* | conc. /ug L % conc. /ug L™ | conc. /ug L™ %
1.3 8.17 8.432 +3.2 —
3.3 81 69.01 -15.3 937.9 953.2 +1.6
3.4 200 185.3 -7.4 —
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These results show that the readings from the kyais can fluctuate significantly. Due to
time constraints, only single injections were perfed for each solution. For the next internal
standard batch, it is recommended to perform t@déi injections, in order to achieve a higher
confidence level for the concentration reading smdxamine whether these fluctuations are
normal. For the final MEA/NQ experiment, calculating mixing ratios inside tHember

from the PILS data were achieved by definiggas 69.0jug L™.

3.5.2 Flow rate into PILS

The final parameter required for the calculatiortred mixing ratios inside the chamber was
the flow rate of the internal standard onto the astpr plate. The flow was quantified by
measuring the time required to fill a 5 mL volumetlask. Table 3.13 summarises the

results.

Table 3.13: Results for internal standard flow ratemeasurements

Run Time to fill / min | Flow rate / mL mih
1 12.12 0.4127

2 11.95 0.4184

3 11.95 0.4184
Average 12.01 0.4165
Uncertainty (95%) 0.24 0.0082

From these results, was defined as 0.4164 + 0.0082 mL thin

3.6 MEA limit of detection (LOD)

As a final preparation for the final MEA/NQGexperiment, it was attempted to find a MEA
concentration which would no longer be detectethleyiC-system, which could be used for a
very rough estimate for the limit of detection (LDPor this, further dilutions from the MEA
stock solution $ection 3.3.1.Bwere prepared and analysed as showfainle 3.14
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Table 3.14: results from MEA LOD experiments

Solution| Calc. Conc. Area / Measured | Expected ChamberMeasured Chamber
/pg Lt uS mincrt | Conc./pgl* | conc®®/pg m? conc®¢/ ug m®

0.6 0.6385 0.004 1.3 0.017 0.036

0.3 0.3192 0.003 0.9 0.009 0.024

0.15 0.1596 0.006 2.2 0.004 0.059

0.06 0.1064 N/A N/A 0.003 N/A

®Estimated fronEquation 11 (Section 3.5 using an average value fcgqcollected from experimental data.

®hased on the measured area and subsequent exii@pSkmsed on the calculated concentration

As the MEA concentration in Solution 0.3 was mdrart sixfold below the previously lowest
injected concentration (2 pugY), it was analysed first expecting a null resulnfaftunately
the analysis of Solution 0.3 proved to be non-gtiabte due to an unstable baseline. Next
Solution 0.6 was analysed, yielding higher readitigan expected. As a consequence
Solution 0.15 was prepared in the anticipation tod fthe cut-off point. Strangely,
Solution 0.15 yielded higher readings than for 80tu0.6. It was assumed that the sample
line probably still contained MEA from the previoumgections. As a result, after flushing the
column and sample lines Solution 0.06 and Soluli@nwere (re-)assessed. As anticipated, no
MEA was detected when analysing Solution 0.06, haneanstead of observing a signal drop
by a rough factor of two from Solution 0.6 to Saut0.3, the signal was only 25 % lower.
Due to the high discrepancy between the estimdtélseoexpected and measured chamber
concentrations, it must be concluded that the acunattons of the analysed standards lie

below the limit of quantification (LOQ) and are getied to baseline interference.

Orsini et al. have calculated a LOD of 50 ng°nfor cations and 10 ng thfor anions [73],
while Timonenet al. have published a value of 0.1 pg ms their LOQ for aerosol sampling
[74]. Therefore, when moving forward in this prdje& more vigorous analysis is required to
be able to precisely determine the LOD and subsetyuthe LOQ for the IC-system. It is
recommended to analyse a 1.8 p{§ dolution in multiple injections, as this concetita
corresponds to the published detection limit by i®@ret al The multiple injections is
required for the determination of standard devigtishich thereon can be used with the slope
from the calibration data iBquation 12to obtain proper LOD and LOQ.

10 Xo

slopeymEga

3 Xo

LOD = and LOQ = (12)

slopemEga
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Chapter 4. MEA chamber experiments

4.1 MEA test injections

Before the first MEA photooxidation experiment wasnducted, some test injections were
performed to examine whether splitting the manifdid lead to reduced or no particle
formation upon MEA injection. Experience gainedhnilhe previous chamber suggested that
amines could react with residual NG@n the lines, causing particle formation prior to
irradiation [16]. Additionally, it was tested wheiththe FTIR and PILS-IC could detect MEA.

After it had been established that no particlesswiermed when injecting MEA with the new
sample injection systenséction 2.3 and that the FTIR could detect MEA, it was dedite
integrate the PILS-IC to the chamber. Unfortunatdlye to poor alignment, the FTIR was
unable to quantify any speci@s situ The first test experiment was conducted without
denuders upstream of the PILS, to later confirm ithportance of removing gas-phase

species from the sampling stream.

For this experiment, the PILS-IC was set to sangaigons and anions every 25 min and
Solution 1.3 §ection 3.5.]1 was used as the internal standard. Simultaneociglgin air was
introduced at a rate of 16.5 L rinnto the chamber to counteract the high samplitg of
the PILS. Next MEA (22.3 mg, 0.000365 mol, 357 pplvas injected at 53 °C and 2 L ritin
for 8 minutes before increasing the injection floate to 5 L miff. At the time of the
injection, the humidity was 8.8 %, the temperatues 22.1 °C inside the chamber, while the

pressure inside the lab was 1020 mbar. MEA wast@egefor one hour.

Within 20 minutes of injecting MEA, the PILS-IC sugssfully started to detect MEA. The
readings from the PILS-IC continued to rise thraugfthe first hour, until a maximum value
corresponding to approximate 115 ppbv in the chambas registered, as shown in
Figure 4.1 The subsequent slow decline is most likely duthéoslow dilution from the zero
air make-up counteracting the high gas sampling. raAtter 2 hours and 20 minutes the
chamber flushing procedure was initiated, which vedso observed by the PILS. As
throughout the experiment no significant amounpafticulate matter was detected by the
SMPS-CPC (maximum count: 20 particles it was concluded that any MEA detected by
the PILS-IC system had to be from the gas-phase.

During the experiment, the PILS-IC also detectedancontaminants, such as NHNa', F,
Acetate, C| NO,, NO; and PQ*. These contaminants came from three possible ssurc

first in very small quantities from within the chher, secondly ambient inorganics, such as
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sulfates, chloride and ammonia could have slowlsalved from the atmosphere into the
ultrapure water stored in bottles and thirdly theinal standard, which was probably the

highest contributor of contaminants due to sampd@aration.

Assuming complete transfer of the MEA from the atigen vessel into the chamber, the
mixing ratio for MEA should be 357 ppbv. Howevdrethighest reading from the PILS only
correlated to a mixing ratio of ~115 ppbv, whichasly 32 % of the assumed chamber
concentration. This low reading could be due tdadiecsuch as incomplete transfer into the
chamber or poor efficiency of dissolving gas-phaséecules into the high-purity water in the
PILS. The latter is the more likely explanation tlas PILS was developed to dissolve water-
soluble particulate matter and not gas-phase mi@ectliherefore comparing this experiment
and the subsequent particle generation experimbati@ indicate the validity of this

hypothesis.
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Figure 4.1: Chamber concentrations calculated basedn Equation 9 (Section 3.4). Maximum reading
corresponded to ~115 ppbv MEA in the chamber, whiclis only 32 % of the injected 357 ppbv. The decline

after 143 min is due to the flushing of the chambemvhich replaces chamber contents with clean air.

4.2 MEA photooxidation experiment

After the successful injection of MEA and its deiec by the PILS-IC system, a first MEA
particle generation experiment was conducted. UWmfately the hard disk on the computer
running Labview failed the day before the experimeequiring manual logging of mixing
ratios, which lead to a poor time-resolution foe thanging atmosphere inside the chamber.

Additionally, the internal temperature could notrbenitored.

For this experiment, the PILS-IC was set to samgd&ons and anions every 25 min,
Solution 3.3 $ection 3.5.] was used as the internal standard and no denueeesinstalled
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upstream of the PILS, as their coating was nosfied on time. After sealing the chamber,
determining the internal RH (8.0 %) and tempera{@&6 °C) and allowing the PILS-IC to
equilibrate, MEA (24.2 mg, 0.000396 mol, 388 ppimgs injected for an hour, where the line
was initially heated to 58 °C but rose to 65 °Cinlgithe hour. Due to maintenance, the zero
air plant had to be shut down. As a consequencairmulses could be introduced to enhance
the mixing. Therefore the injected MEA was leftmix through diffusion for an hour before
continuing the experiment. As illustrated figure 4.2, no significant changes to the gas
mixing ratios could be observed during this timeigee During the injection period, it was
discovered that the PILS was not providing the lighva continuous flow of aerosol-water.
Therefore the automatic sampling had to be dedetivand it was attempted to fix the flow
problem. Eventually it was apparent that IC-analysi the aerosol water was only
sporadically possible. As a consequence, readirege wnly taken when it was certain that
the sample loop was neither dry, nor containedelay bubbles, which could destroy the

column coating upon analysis.
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Figure 4.2: Profile of prominent gases inside thehamber. Data had to be recorded manually due to dat
logger failure. The points of injections and the strt of flushing the chamber are marked in black doted
lines, while the moment the UV-lights are switchean is marked in a red dotted line, which equates to

time Zero.

Next, 30 £ 1 ppbv NO was injected and allowed taildarate. The introduction of NO was

registered by the monitoring devices, as showhigure 4.2 above. The SMPS-CPC did not

detect any particles, while the PILS-IC indicatedamange to MEA concentration. After the

equilibration period, 58 + 1 ppbv NQwas injected, which surprisingly lead to particle
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generation (seEigure x1.4 in Appendix). These particles are potentially tegult of an acid-
base reaction between MEA and Hj@ product of water vapour and B@\dditional to
observed particles, the assumption that the PIL®i06 efficient in dissolving gaseous
molecules into ultrapure water was tentatively aoméd. Prior to the injection the PILS-IC
was reading chamber mixing ratios of 110-140 p@®+36 %), but after the NOnjection a
MEA mixing ratio of 294 ppbv was detected. Thisresponds to 75 % of the assumed
injected concentration. Therefore B€bmehow activated MEA or made it more accessible t
dissolution. Additionally, based dfigure 4.4, it is also possible that some MEA degradation
or transformation is occurring during the acid-beessctions, as a slight increase in nitrate and
acetate concentrations was observed. Unfortunadely, one data point was collected after
the injection of NQ. As a consequence, the activation or transformatamnot be confirmed.

Several observations were made after the UV-lightewiurned on. First, the particle volume
starts to increase throughout the three hours poidlushing (sed-igure xI.4 in Appendix).
Simultaneously, a decline in MEA concentrations arsignificant increase in ammonium and
acetate levels were detected by the PILS-IC [Bgares 4.3and4.4). This is expected, as
they are both products of MEA photooxidation. Aduhtlly, during the three hours of
irradiation, ozone levels rose to ~48.5 ppbv, N@lided to ~87.0 ppbv, while NOrose to
~64.8 ppbv. These are all indicators for the pheittetive process, where VOCs consume

NO to yield NQ and disrupt the cycle that breaks dowgt@O, and molecular oxygen.

As the PILS data was collected without the use @ifudlers, it cannot be differentiated
whether the observed increase in nitrate, acetate anmmonium concentrations are a
consequence of either increasing levels of thesxisp in gas form, or whether they
increasingly contribute to the particulate masstharmore, due to the poor time resolution of
the collected data, only trends are observablerefbie no clear statements are possible on

the significance of the increasing or decreasinglteof the targeted species.

For future experiments, one should not only consatéaching the denuders to the fully
functioning PILS, which should yield a better urstanding of particulate matter

composition, but also performing the same experim&vith longer IC-run times to detect

possible products from particle-phase reactionsytiedd long chain oligomers. These would
have much higher retention times than the singltling blocks, such as acetate, glycolate
and oxalate.
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Figure 4.3: MEA (blue) and ammonium (red) concentréions in chamber according to PILS-IC readings.
Point a) marks the injection of MEA, point b) is the injection of NO, point c) is the injection of NQ and

lastly point d) is when the UV-lights were turned o.
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Figure 4.4: Nitrate (blue) concentration in chamberaccording to PILS-IC readings and Acetate (red)
concentrations detected in aerosol-water. Point aparks the injection of MEA, point b) is the injection of
NO, point c) is the injection of NG and lastly point d) is when the UV-lights were tuned on. The IC-

system is not calibrated for acetate at this stag@herefore no conversion into ppbv was possible.
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Chapter 5. Conclusions and Outlook

This project aims to investigate the nucleation avetur of amines released into the
atmosphere by CCS technology. Yet, before nucleapecific experiments could be
conducted, CSIRO’s new third generation environ@enhamber was commissioned and
fitted with analytical instruments tuned for theabrsis of amine-based aerosol. The
integration of the PILS-IC to the chamber requissalieral experiments to determine a
selection of properties and auxiliary reactions, figsults of which are presented in this work.
These include the development of a procedure foowng contaminants and remnants from
previous experiments by a standardised,/N@pene experiment, the determination of the
NO, photolysis rate (0.512 + 0.027)sthe wall loss rate of ozone (5.6112.8011) x 10 s*
and the wall loss coefficierft for particles in the bins 54.1 — 181.1 nm. Howevkere are
still several auxiliary mechanisms which requiréemtion, such as the HONO production
from the Teflon walls, the hydrolysis of N@nd NOs, and the wall loss rates for NO, BO
propene and HN®

Additionally to the auxiliary mechanisms, some loé analytical devices require refinements,
such as the installation of a dehumidifier for #eeo air plant, the alignment of the long-path
FTIR to obtain quantifiable data and the instabatiof the denuders for the PILS-IC.
Furthermore, for future experiments the PILS respiiregular and vigorous cleaning. After
the final experiment the disassembly of the deleas® to the discovery that the failure to
provide a continuous stream of aerosol-water wabably due to a build-up of residual

particulate matter in the sample drain.

Nevertheless, despite the poor time resolutionfitia experiment was successful in showing
some expected trends, such as the decrease of M&#a increase of organic ions, such as
ammonium, acetate and nitrate, the moment the g¥tdi were turned on. Yet, as no
denuders were used, these preliminary data do i dor any interpretation on the

composition of the generated aerosol during thediation experiment. Therefore, the final

experiment has to be repeated with installed desudeirrthermore, the scope of the project
should be broadened to other amine systems tothestobustness and versatility of the

developed methodology during this project.

In summary, while the primary aim of investigatitng amine-aerosol nucleation process(es)
was not achieved, good progress was made in saipng method by which this will be

accomplished in the next stage.
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Appendix |

Table xI.1: Particle wall loss rates and their uncgainties

Bin / nm 51.4 53.3 55.2 57.3 59.4 61.5
Rate / mirt (6.2 +5.5) x 1d (-3.1% 6.8) x 10 (1.52 £ 0.39) x 18 (1.36 £ 0.39) x 18 (8.7+3.1) x 1¢ (1.29 + 0.33) x 18
Bin / nm 63.8 66.1 68.5 71 73.7 76.4
Rate / mint | (1.63 £0.24) x 18 (1.44 £0.22) x 18 (1.30 £ 0.20) x 18 (1.22+0.17) x 18 (1.51 +0.15) x 18 (1.24 +0.12) x 18
Bin / nm 79.1 82 85.1 88.2 91.4 94.7
Rate / mint | (1.47 £0.14) x 18 (1.11+£0.13) x 18 (1.15+0.13) x 18 (1.02+0.10)x 18 | (1.115+ 0.092) x 1H | (9.73+0.85) x 10
Bin / nm 98.2 101.8 105.5 109.4 113.4 117.6
Rate / mint | (1.080 +0.085) x 16 (9.54 £ 0.86) x 10 (1.022 £ 0.079) x 16 (7.70 £ 0.75) x 10 (8.18 +0.77) x 10 (9.55 + 0.80) x 10
Bin / nm 121.9 126.3 131 135.8 140.7 145.9
Rate / mint | (8.04 +0.82) x 10 (6.58 + 0.80) x 18 (6.64 +0.75) x 18 (6.61 £0.82) x 19 (6.47 £0.78) x 19 (4.69 £ 0.90) x 19
Bin / nm 151.2 156.8 162.5 168.5 174.7 181.1
Rate / mint | (5.45 £ 0.86) x 19 (5.85+0.81) x 19 (2.17 £ 0.87) x 19 (4.0+1.1)x1d (2.3+1.0)x 1d (3.2+1.2) x 1d
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Figure x1.1: Calibration plot for Mass Flow Controller 2I, which is used to inject NO2/He. Regression
statistics yielded a slope of 1.2930 + 0.0075, amercept of -0.9 + 1.0 mL mirt, R? of 0.9999 and a residual
sum of squares of 1.423 mimin™
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Figure x1.2: Calibration plot for sodium. Regressin statistics yield a slope of 0.0140 + 0.0019
uS min L cm™ ug?, an intercept of -0.10 + 0.13 pS min ch R? of 0.9023 and a residual sum of squares of
0.1318 p8 min? cm?. The highest reading for 100 pg ! is a suspected outlier.

61



Area / IS min cm?

=
N
)

1 4 +

0.8 -
+
06 - *
04 -
0.2 -
+ T
T+
0 T T T T T
0.00 20.00 40.00 60.00 80.00 100.00
Conc/ uglL?

Figure x1.3: Measured sodium contaminations for thecorresponding MEA dilutions. Due to the rising
trend, it was assumed that the contaminants were iroduced in the first step of sample preparation

Table xI.2: Grubbs test for the two suspected outdirs for bromine calibration

VaILJe

Dilution Series Concentratiorn Mean SO Grubitis Q Outlier?
Value

1 75ug L? 0.103| 0.0977 0.0039 1.15 1.38 Yes

1 100ug Lt 0.117 0.125 0.0059 1.15 1.39 Yes

Table xI1.3: Grubbs test for the two suspected outdirs for nitrate calibration

Dilution Series Concentratior Value Mea% SO Gruttits Q Outlier?
Value

1 10ug Lt 0.038 0.022 0.012 1.15 1.36 Yes

2 100ug Lt 0.234| 0.204 0.021 1.15 1.40 Yes
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Figure x1.4: Corrected particle number (blue) and wlume (red) for the MEA photooxidation experiment
(Section 4.2).
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