Thése de Sara Scolaro, Lille 1, 2009

1 1t Year 2009
\ U.YHVETS]J[G Order n. 40082
¢ Lille1

’ Sciences et Technologies

Université Lille 1 —Sciences et Technologies
for obtaining the PhD degree of the
Doctoral School SMRE:

Sciences de la Matiére, du Rayonnement et de lilBnmement
Université de Lille1l-Sciences et Technologies

Sara SCOLARO

Effects of humidity and fatty acid surfactants ba tiptake of N@to NaCl.
Combined study of kinetics and surface analysis.

Supervisors: Claude BREMARD - Professor at the University ofidil
Denis PETITPREZ - Professor at the Universityidé 1

Referees: Jean-Francois DOUSSIN - Professor at the Univeddi®aris 12
Bernard HUMBERT - Professor at the University itiRoarré” of
Nancy

Members of Jury: Nelly LACOME - Professor at the University “PieeeMarie
Curie” of Paris
Jean-Francois PAUWELS - Professor at the Usityeof Lillel

5" November 2009

1
© 2010 Tous droits réservés.

http://doc.univ-lille1.fr



Thése de Sara Scolaro, Lille 1, 2009

2
© 2010 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Sara Scolaro, Lille 1, 2009

This PhD thesis was effectuated at the Univerdityilee 1 (France) in the laboratories:

LASIR - LAboratoire de Spectrochimie Infrarouge et Raman
UMR 8516
Batiment C5 - 59655 Villeneuve d'Ascq Cedex

PC,A — Physicochimie des Processus de Combustionlg&tdeosphere

CNRS/UMR 8522

Batiment C11 - 59655 Villeneuve d'Ascq Cedex

Within the research projects:

“Tools and Techniques for a Changing Atmospherethaf “Marie-Curie 6th Framework
Project” (European Commission) who provided the Pfalowship (MEST-CT-2005-
020659);

and the

IRENI (Institut de Recherche en Environnement Indel$ in the “Quality of Air” research
axis.

3
© 2010 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Sara Scolaro, Lille 1, 2009

4
© 2010 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Sara Scolaro, Lille 1, 2009

Effects of humidity and fatty acid surfactants on he uptake of NG to NaCl. Combined
study of kinetics and surface analysis

Abstract

The present work deals with laboratory studiestamoapheric chemistry. In order to increase
the understanding of atmospheric processes andeliadility of atmospheric models more
information about chemical reactions occurringha atmosphere are needed. Until recently,
heterogeneous gas-particles reactions have notthaemuch taken into account, compared
to the much more studied homogeneous gas-phasoresaddowever, it is now established
that heterogeneous reactions on the surface o$alsrplay an important role in atmospheric
chemistry.

In this work we study the heterogeneous reactiom @bollutants of mainly anthropogenic
origin, NO,, on NaCl(100), taken as a surrogate of the maagm®sol. The presence of a
native organic coating on field-collected marineosgel particles (Mochida J., Geo. Res.
[Atm] 2002, 107, p. AAC1/1) pushed us to investggtte effect of some insoluble fatty acids
on this removal reaction of nitrogen oxide in tharime boundary layer.

The originality of this work consists in couplingactivity studies with high spatial resolution
surface analysis techniques.

The aspect of surface status and its reorganisaftenreaction has been followed via Raman
micro-spectrometry and AFM techniques. Significaradifications in the morphology of the
formed nitrate on the surface have been found dsnation of the reaction humidity
conditions. Raman spectra and images confirm @iffieorientations of NaNgXrystals in the
presence of surface water (Scolaro S. et al, JaR&pec. 2009 vol 4@, p. 157).

The organic coating on the salt surface (obtainadiiyp-coating) has been characterized with
the same techniques: the inhomogeneous distribudioth the presence of nanometric
structures can then be proved.

The reactivity of the coated/uncoated salt is itigaged in a static chamber allocated inside a
FTIR spectrometer, so that the kinetics of the gasg@hase composition can be followed in
different humidity conditions (0-80% RH). From tHe spectra we can obtain independently
an evaluation of both the uptake coefficigr{by following NO, consumption) and of the
reaction probability coefficienp (by following CINO formation). The presence of armitic

or oleic acid coating on the salt slightly hindéne reactivity, especially in some humidity
conditions.

Moreover the use of a simple reactivity model caadlto a good fit to the experimental
points, helping in the interpretation of the globechanisms involved in the system.

By coupling all the information deriving from theurface analysis and the reactivity
measurement we can conclude that the,/N@CI reaction releases into the atmosphere a
precursor of active chlorine atoms (CINO) also amditions of high humidity and that the
presence of even an inhomogeneous insoluble faity @ating slightly slows down this
process.

Keywords

Atmospheric chemistry, heterogeneous chemistrygkgotoefficient, reactivity coefficient,
Raman micro-spectrometry, marine aerosol, nitratjeride, CINO.
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Effet de I'hnumidité et de molécules tensio-activesur la capture du dioxyde d'azote
(NO,) par le chlorure de sodium (NaCl). Etude cinétiquest analyse de surface.

Résumé

Des études cinétiques et des analyses de surfacetténeffectuées sur la réaction
multiphasique entre le gaz N@t des cristaux de NaCl en présence de molécelesot
actives sous air humide. Ces études de laboratoirgibuent a la validation de processus de
chimie atmosphérique suggérés par des campagnesesieres sur des aérosols d’origine
marine. Depuis des millénaires les vents provoqdestvagues a la surface des mers et des
océans qui propulsent de nombreuses goutteletesmudie mer dans la troposphére. Ces
gouttelettes se déshydratent partiellement et fotrh@érosol marin. L'aérosol est constitué
de particules de taille micrométrique comportargeatiellement du NaCl et de nombreux
composés mineurs dont des acides gras (stéaritgigu®). Les concentrations en particule
peuvent dépasser 20 pg/mans l'air des zones cotiéres. Des quantités émmioxydes
d'azote NQ (x =1, 2) sont émisses actuellement par les tatspet le chauffage. Les
concentrations en Ngpeuvent dépasser 100 pd/dans les zones fortement anthropisées. La
cinétique de la réaction multiphasique montre guedpture de NOpar NaCl est favorisée
par une forte humidité de l'air. Par contre un tem#&ent d'acides gras réduit peu la
production de NaN©et I'émission de NOCI. Les études de surfaces mi@roimagerie
Raman polarisée et microscopie a force atomiquéAARettent en évidence les processus de
précipitation et de migration de surface dans talpction de nanocristaux de Napét du
faible réle protecteur des molécules tensio-actites passage de masses d’air d’origine
marine dans des zones fortement urbanisées a gestsnnégatifs sur la qualité des eaux
continentales par des pluies chargées en nitramg ¢a qualité de l'air par des dégagements
de gaz chlorés.

Mots clef:
Chimie atmosphérique, chimie hétérogene, coeffiaerncapture, coefficient de réactivite,
micro-spectrométrie Raman, aérosol marin, dioxydeate, CINO.
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Effet de I'numidité et de molécules tensio-activesur la capture du dioxyde d'azote
(NO,) par le chlorure de sodium (NacCl). Etude cinétiquest analyse de surface.

Forme abrégée de la thése

Cette thése traite par différentes techniques @xpétales de la réaction multiphasique dans
un montage de laboratoire entre le dioxyde d’aZdbi®,) et des cristaux de NaCl sous
atmosphére humide et en présence de moléculeo-aetsres déposées sur la surface des
cristaux. Les résultats expérimentaux contribuené &alidation de processus de chimie
atmosphérique hétérogene en rapport avec la poildes masses d’air d’origine marine
traversant des zones fortement anthropisées.

Depuis des millénaires, les vents provoquent dgeesa la surface des mers et des océans et
les vagues déferlantes créent des embruns maringrogpulsent dans la troposphéere de
nombreuses microgouttelettes d’eau de mer. Peneanparcours aérien les gouttelettes se
déshydratent partiellement en particules de tailierométrique qui forment I'aérosol marin.
La particule individuelle d’aérosol est un mélamgerne des composants de I'eau de mer et
se compose essentiellement des microcristaux del Be€t des composés minéraux et
organiques mineurs incluant des acides gras aveclu@ines alkyl saturés et insaturés en
C16, C18 et C20, acides palmitique, stéarique @tjoé essentiellement. Les concentrations
en particules marines peuvent dépasser 20 Jdgms les zones cotiéres.

Des quantités énormes d’oxydes d’azoteyN© =1, 2) sont émisses actuellement dans le
monde par les transports et le chauffage. Les obrat®dns en NQ peuvent dépasser 140
ng/nt soit 1,8 16% molécules par chdans des zones fortement anthropisées. Le sdgmsr

la troposhere des NOnduit une séquence d’oxydation par des procedsuse et nocturne
dont la phase terminale est HNEN passant par des intermédiaires réactionnelsneoN(;,
N>Os, HNO, (NOy). Toutefois, NQ possede une abondance et une remanence tellededan
zones fortement urbanisées, qu'il est détecté commaeespece d’oxyde d’azote majoritaire
par des mesures satellitaires. Le passage de mdsses’'origine marine dans des zones
fortement urbanisées entraine des anomalies dansnigosition chimique des particules
d’aérosol marin collectées qui présentent des itgfimportants en chlorure (30-80%) par
rapport & la stoechiométrie de NaCl. Ce déficitlessigne d'importantes transformations
chimiques de l'aérosol marin lors de son parcoanssda troposphére. L'importance de la
chimie des aérosols de sel marin avec les oxydegot¥ dans la couche limite de
I'atmosphere a inspirée de nombreux travaux deréabwes depuis plus de 40 ans. NDla
réputation d’étre une espéce peu réactive vis desidaCl par rapport a la réactivité deNO
N.Os, et HNG; et beaucoup de phénomenes de chimie hétérogaeeNsdt et les cristaux de
NaCl sont encore inconnus notamment le réle desposés organiques minoritaires de
I'aérosol marin comme les acides gras qui ont degrigtés tensio-actives reconnues.

Nous avons effectué des études de laboratoire déincontribuer a une meilleure
compréhension des processus chimiques multiphasintee NQ, oxyde d’azote majoritaire
de l'air pollué et des cristaux de NaCl composééarahmajeur de I'aérosol marin dans des
conditions réactionnelles simplifi€ées mais réatisie la basse troposphere. Ainsi, hous avons
reconstitué dans une cellule de réaction une atheosple N@diluée dans Nou He dans le
domaine de concentration 0" molécules par chavec une humidité relative (RH) dans
le domaine 0-80%. Les concentrations dans la pbasesont controlées par des mesumes
situ d’absorption FTIR. Le sel marin est représentésdarcellule par des monocristaux de
NaCl taillés selon la face (100) ou des microcustde NaCl sous forme de pastilles. Nous
avons également maitrisé le dépét de sel d’'acicees qur la surface des cristaux de NaCl en
utilisant des solutions alcooliques de palmitatesddium (C16:0) de stéarate de sodium
(C18 :0) et d'oléate de sodium (C18 :1) par la téghe de dip-coating. Les études utilisant ce
type de cellule de réaction ont été realisées paux dapproches expérimentales
complémentaires. L'une est centrée sur I'analysepiases a la surface du solide et 'autre
traite essentiellement de la phase gaz en couéagdéon.
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L’'analyse des phases créées a la surface de Na(iilisé les performances de la
microimagerie Raman en lumiere polarisée et deitaascopie a force atomique (AFM) en
mode «tapping ». Les résultats combinés des deaknigques résolues spatialement a
I'échelle micrométrique (imagerie Raman) et nancigée (AFM) ont mis en évidence
I'hétérogénéité au niveau nanométrique des démdtsebd’acide gras dans des atmosphéres
de difféerente humidité. Ils ont également permi&utider les mécanismes de formation et de
migration de nanocristaux de NaplQ.'exposition de la face (100) d'un crystal de NaC
une atmosphére séche de NE10° moléc/cni) pendant 30 minutes ne montre pas de
modification notable de la surface (100) de NaGidaat plusieurs jours. Par contre, si la
réaction a lieu en présence d'une humidité mémblefai des nano cristaux de forme
tétraédrique apparaissent a la surface (100) del. NE©Grganisation des nanocristaux en
microagrégats est d’autant plus facilitée que I'fdité@ relative (RH) est élevée. La
microspectrométrie Raman met en évidence la nahireique des cristaux par la formation
de NaNQ cristallisé. Quand le RH dépasse 50%, la formeadérique des nanocristaux
évolue vers une morphologie rhomboédrique et uilée taupermicronique. L'imagerie
Raman en lumiere polarisée a mis en évidence legemaent d’orientation cristalline. Bien
avant, la déliquescence (RH~70%) une phase aquemsenant une solution de Napl€st
observée par microspectrométrie Raman. La formatibots de NaNQ@est interprétée par la
migration de N@ dans les couches d’eau adsorbée qui renouvellerface de NaCl et la
rend accessible de nouveau a la réaction avee. N6s principaux résultats exposes
succinctement ci-dessus ont fait I'objet d’une jrailon en 2009 intitulée « Confocal Raman
imaging and atomic force microscopy of surface tieacof NO, and NaCl(100) under
humidity » J. Raman Spectros2009 Vol.40, pages 157-163. L'imagerie Raman et 'AFM
montre que la technique de dip-coating sur NaCldadna des dépots de sel de sodium
d'acide oléique, stéarique et palmitigue tres lo@f@nes. Des agrégats de tailles
nanometriques analogues aux micelles sont mis ielergse par AFM, alors des dépéts de sel
d’acides gras sous forme de filament de taille sapge au micron sont identifiés par
microspectrométrie Raman. Les taux de recouvremeria surface de NaCl par les dépots
d’acides gras par la technigue de dip-coating s&auérelativement faibles. L'analyse de la
surface aprés réaction avec N@ans des conditions analogues a celles décritdsessus
montre que les dépbts d'acides gras génent peédetion de N@sur NaCl dans son
rendement et dans son mécanisme. Le nombre derisgtaox de NaN@augmente avec le
RH jusque environ 50% et diminue ensuite jusqa’aéliquescence de NaCl. Quelques
perturbations morphologiques des dép6ts d’'acidas gont constatées apres réaction avec
NO,. On constate les mémes tendances quand on ulili$&aCl polycristallin en pastille en
lieu et place du monocristal de NaCl. Des résulpagdiminaires sur ce sujet ont fait I'objet
d’'un manuscrit accepté pour publication intituléRéactivité de I'aérosol marin a la pollution
atmosphérigue par NOUne étude de laboratoire ». Les différences depootement dans
'adsorption d’eau et dans les dépobts d’acides grda surface de NaCl polycristallin en
pastille peuvent étre rationalisées par le nombrdéfauts de joints de grain a la surface et a
l'intérieur des pastilles. La porosité apportée lparjoints de grains augmente sensiblement la
réactivité de N@vis-a-vis de NaCl. Les résultats des études suinumléles de laboratoire de
la réaction du composé majoritaire du sel de macCINavec I'oxyde d’azote, NQle plus
abondant dans un air pollué et ce dans des consliitmosphériques simplifiées présentent
des convergences évidentes avec des prélevemenmntartiigules d’'aérosol marin dans des
zones urbanisées. Un déficit important (30-80%gtdarure par rapport a la stoechiométrie de
NaCl est compensé par un apport important en ad@. Les microimageries de diffusion
Raman, d’émission X et ToF-SIMS ont mis particdient en évidence des mélanges
internes de NaN§g) de NaCl et de matiere organique incluant deseaaitas au niveau de la
particule individuelle d’aérosol marin ayant séjoidans un air pollué par NO

Le méme type de cellule de réaction avec des mné&n germanium a été utilisé dans
'approche par I'étude cinétique de la réaction tipbhsique entre NaCl et NQlans des
conditions expérimentales analogues a celles déaiins la premiére partie du travail. NO
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est dilué dans l'azote en flux laminaire avec uhase NaCl solide statique, I'humidité
relative est dans le domaine 0-80% et le dépotidkacgras sur des pastilles de NaCl
polycristallin est réalisé par dip-coating. Il ddtre noté que plusieurs cellules ont été
construites avec des revétements différents desisperternes pour minimiser I'adsorption
parasite de N@sur les parois. Malheureusement, la sensibilitésyhieme de détection par
FTIR dans linfrarouge moyen n’est pas suffisammeetrformante pour utiliser des
concentrations en NQnitiale inférieure & 18 moléc/cni. Le coefficient de capture)(de
NO, par NaCl polycristallin conditionné en pastillegmente de facon significative avec
I'humidité relative pour atteindre un maximum ge3,2 10° pour RH=45%.y diminue
sensiblement jusgu’a la déliquescence de NaClupient vers RH=70%. Cette tendance est
également observée avec des revétements de palmitdioléate de sodium sur les pastilles
de NaCl. Les coefficients de capture maximum déteéma RH=45% sony=2,2 10° et
y=1,8 10° pour les dépéts par dip-coating de palmitate efédte, respectivement. Mis & part
NO,, N>O4, HO et NOCI, aucun autre composé n’est détectémasguement en phase gaz
par FTIR dans nos conditions expérimentales. Il wsisemblable toutefois que des
intermédiaires réactionnels comme (HNBGINO;, HCI) soient créés en faibles quantités tant
en phase gaz qu’en phase condensée sur les pguos. évacuation des gaz de la cellule seul
NaNG; est présent sur les pastilles de NaCl. La misgrésence de NaCl polycristallin avec
du NG, (N204) sous humidité provoque la diminution de la coticion en NQ (N2O,) et la
production concomitante de NOCI. Les simulations dmétiques sont en accord avec les
résultats expérimentaux sur toute la gamme de teftyiée en utilisant un mécanisme
réactionnel ou I'eau se comporte comme un « caalys:

2NQy(g) ( N2O4) + Hz0 (ags) » HNO;3 (ads)+ HNO; (ads)
NaCI(s) + HNG; (ads) — NaNG; )t HCI (ads)
HCI (ags)+ HNO; (ags) ~ H20 (ads)+ CINO )

En donnant en définitive le bilan réactionnel smiv

2NOy(g) (N204) + NaClsy O 131 . NaNOys)+ CINO,

Les résultats obtenus dans ce travail montrentdeficients de capture relativement faibles
de NaCl pour N@ malgré un certain effet « catalytique » de I'huitéidle I'atmosphére de
réaction. Cet effet « catalytique » est quelquetpepéré par un revétement d’acides gras sur
la surface des cristaux. Néanmoins, la réactivat&l@, sur NaCl est effective et conduit a des
rendements importants en NajN@prés des temps de contact élevés en atmosphaidehu
Les rendements en NaN®©@btenus par N@sur NaCl sont du méme ordre de grandeur que
ceux obtenus en utilisant HN@Qazeux mais apres des temps de contact beauamipquirts.
Les réactions entre HNQyaz et NaCl ont été beaucoup étudiées en fondieonombreux
paramétres en relation avec la réalité atmosphériges coefficients de capturg (mesurés
pour HNQ; sont au moins plus élevés d'un facteut G0e ceux de N©dans des conditions
expérimentales analogugsaugmente fortement avec I'humidité relative potieiadre un
maximum vers RH=50%, puisdécroit progressivement jusqu’a la déliquescetec&laCl.
Les valeurs dg sont tres dépendantes de la taille des cristlilleNaCl avec un maximum
vers 1 um et une décroissance continue en fonalenla taille des cristallites. Des
augmentations moins marquéesydavec des additifs minéraux du sel de mer Mgflavec

le sel de mer lui-méme sont constatées. Un trageént sur I'effet de molécules a propriétés
tensioactives sur la capture de HN@ar des particules d’aérosol d’NaCl indique que la
valeur dey diminue fortement avec un recouvrement des paescpér I'acide stéarique. Il est
a signaler que I'épaisseur du revétement et laleagde la chaine alkyl sont des parametres
importants du réle protecteur du tensioactif. Li@paur du revétement est tres tributaire de la
méthode de dépot qui peut amener a surdimensidamevétement d’acide gras par rapport
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aux conditions atmosphériques réelles. Les sindiditu entre les résultats publiés sur la
capture de HN@par NaCl et ceux obtenus sur la réaction de Bv&c NaCl dans ce travail
indigue que les mécanismes de réaction de surfapliquant I'eau et I'acide gras sont
analogues. Il est prévisible que toute nouvellg¢atere dans le systeme NO®aCl visant a
approcher les conditions atmosphériques réellesoparticule, additifs minéral et organique,
concentration en Nfréaliste, produiront des effets sur la capturdN@ge analogues a ceux
obtenus dans la capture de HjN\@ais dans des délais beaucoup plus longs. Mexrta Ip
disparition des NQde I'atmosphere par des retombées de NaNiplication en chimie
atmosphérique la plus évidente est la productioN@EI qui par un processus diurne produit
Cl et NO et par un processus nocturne produit HEINO, par hydrolyse.
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Chapter 1 — Introduction
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1. Introduction

The atmosphere contains many different kinds opended particles that differ in
chemical composition as well as in particle siz&tribution, depending on the strata of the
atmosphere considered, latitude, season, and theaifng meteorological conditions.
Atmospheric particulate matter occurs as aerokal, is, an airborne suspension of particles
whose dimensions range from a few nanometers ts t&#n micrometers and whose
atmospheric lifetime is primarily a function of ize, owning to the strong relationship
between settling speed and mass. Often they ¢misas internal mixture of salt, crystal and
other inorganic and organic materials of both bregend anthropogenic origin. Wash-out
processes in which the aerosol particles are rechbyerain and dry settling (depending on
particle mass) are the major sources of loss obgpimeric particulates. Depending on the
size of the atmospheric aerosol particle and otheteorological parameters, the lifetime of
an aerosol particle is between 1h and 6 weeks.ir finesence in the atmosphere has two
main effects, one being a factor in the chemicaisformation of gases in presence of aerosol
particles and the other being a factor in the dlohdiative balance affecting the global
climate. It must be pointed out that the presesfctmospheric particles is the single largest
contribution to the uncertainty in relation to pictabns of climate changg-orster P. et al.,
2007].

Sea-salt is the second most abundant (3.6 Tg) osedematter suspended in the
atmosphere after dust (16.8 Tg), and is the domiaarosol species by mass over oceans.
The size of marine aerosol particle (aerodynamiameiter) lies in the range of few
micrometers.

Marine aerosols are produced through seawater drmptets, which are released to
the atmosphere from spray on the sea surface. Hobanism of marine aerosol formation
involves breaking of the waves, bubble formatiomg &xtrusion of microdroplets from the
surface of the ocean that will evaporate to forme tharine aerosol, whose chemical
composition therefore reflects the composition afssin sea-water. Sea-water is an agueous
solution (~0.5 M) of 11 major ions (present at Vkggor greater) including NaC&*, Mg*,

CI', plus a host of other inorganic and organic sigeatdrace concentrations. Approximately
86 % of the salinity of sea water is provided byON&-30g /l). The pH of sea water varies
between 8.3 and 7.6, and it is buffered by a diebCQ/HCO;" systemBrewer P. G. et al.,
2004]. The spay of sea water is estimated to releaé&® kg of NaCl[Gong S. L. et al.,
2002] and considerable amounts of organic species imguidtty acids to the troposphere
every year. These sea salt aerosol particles ar@lygpresent as internal mixtures with an
organic coating.

Organic carbon may be produced from the surfadtamr on the sea surface whose
main constituents are insoluble fatty acids. Fattig concentrations are positively correlated
to marine biological activity and have a seasohafracter. The most abundant saturated fatty
acids in sea water are palmitic acigs Cmyristic acid G4, lauric acid G, and stearic acid {g
while the most abundant unsaturated fatty acidolk#ie acid Gg.; and palmitoleic acid .1,
with significant contributions from other analogoasids[Osterroht C., 1993] When sea
water droplets are transported to drier areas, t@ireyexpected to form a mixed phase,
containing solids and the remaining liquid. Manuds¢és have been done on the water
evaporation of sea water droplets. Less soluble@zg&ecipitates first, then CaSQH,O
bar shaped crystals separate out, then cubic NaGlats followed by finally KMgQd
crystallites. Ultimately, MgS@hydrates form a gel coatirf¢tiao H.-S. et al., 2008] The
topmost layers of this gel coating are formed fronganic species such as non-volatile
surfactants e.g. FA which can include palmitiggiCstearic (Gg), and oleic acids (fg.1)
[Mochida M. et al., 2002][Tervahattu H. et al., 2002]this organic coating of the sea water
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droplet was found to alter the efflorescence phexxmn during the drying of sea water
droplets[Randles C. A. et al., 2004]

Globally somewhat more than 1.4%1&g of nitrogen oxides expressed as NiDe
emitted by human activities and natural source$ gaar and the anthropogenic emissions
are gradually increasing. There are significanturadt sources such as biomass burning
(0.18x13° kg), lightning (0.2x1& kg) and continental biogenic sources (0.22Rk@). We
shall follow the convention use that defines Nf3 the sum of (NO + Npand NG as the
sum of all reactive nitrogen-containing speciesuding NO, NQ, HNO;, HNO,, NO; and
N2Os. In Europe the main sources of N&e transport (55%), residential heating, induistria
activities and incinerators (22%), combustion poplants (22%), and fires and others (1%).
Practically all anthropogenic N@nters the atmosphere as a result of the combusttifmssil
fuels from both stationary and mobile sources. Agpieric chemistry during both day and
night produces several reactive NépeciegFinlayson-Pitts B. J. et al., 2000]However, the
abundant presence and persistence of Il©@onfirmed by satellite and field measurements i
troposphere. As an example, the map of, @8tribution over the European region is shown
in Figure 1.1. It is reconstructed from sateliiteasurements averaged over 18 months, and it
can be seen that the sources of this pollutionbeaadlearly identified with densely populated
and industrialized zones, with the addition of ms® marine traffic in the English Channel:
these pollutant processes are much more signiftbamt natural ones because regionally high
NO, concentrations can cause severe air deterioraiepecially in Northern European
coastal regions.

Fig. 1.1 Satellite view of the tropospheric N@ertical column density (average values on 18 tiroirrom
01/2003) over the European region, ESA. The scalérbin 10x 10" molec crif. Taken froniHeilderberg 1.].

Oxides of nitrogen play a central role in esselytiall facets of atmospheric chemistry. Most
of the primary emissions of nitrogen oxides ardhia form of NO. The overall oxidation
sequence in ambient air is conversion of NO toNGXh is ultimately converted to HN{by
several daytime and nighttime atmospheric reactidnsaddition, many other reactive
intermediates can be detected such as nitrousHid{@,, NO; radical, and MOs. NO; is key

to the formation of tropospheric ozone and contabuo acid deposition. Reactive gases in
the atmosphere undergo heterogeneous reactionbeosutface of sea salt aerosols, thus
affecting the atmospheric trace gas composition.
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Many studies have shown a significant chloride aiefn aged sea salt aerosol (30-
80%) when compared to bulk seawdiEangmeister C. D. et al., 2001This deficit has been
attributed to tropospheric reactions with inorgamicogen and sulphur oxide species.
Single particle analysis of sea salt aerosol dadicollected with aerodynamic selective
sizing by cascade impaction in marine areas haverawed the understanding of the
reactivity, transport and removal of sea salt pbasi. Particularly, Raman imaging and atomic
force microscopy (AFM) combined with Energy dispegs electron probe X-ray
microanalysis (ED-EPMA) coupled with Scanning ElentMicroscopy (SEM) and Time-of-
flight secondary ion mass spectrometry (ToF-SIM&yehproven to be especially powerful
techniques to demonstrate that a typical singlesaéigparticle originating from a marine air-
mass contains an internal mixture of deliquesceaINcrystal and NaN§) with an organic
coating. The considerable fraction of NajN&s internal mixture with aged sea salt particles
comes from the efficient scavenging of reactiveogién species under high humidity despite
the organic coating of the aerosol partifRimetz-Planchon J., 2007] The reaction of
particulate NaCl with reactive NGs an important link between a natural process séa salt
aerosol presence and an anthropogenic processtritespheric pollution of NPderived
from high temperature combustion processes. Ulgipatthese reactions release volatile
chlorine species into the atmosphere and NaM@ich then undergoes deposition processes.
The release of volatile chlorine has hazardouseamurnces on atmospheric processes and the
nitrate deposition has an environmental impactais and continental water.

The importance of the sea salt aerosol chemisttli witrogen oxides in the marine
boundary layer has inspired many laboratory studas nearly 40 years. Laboratory
investigations tend to provide the ultimate reatiheck for atmospheric chemical processes
that result from indications obtained during fi@dtasurement campaigns. Today, laboratory
studies are seen to take on the role of mediatetsden field measurement campaigns and
modelling efforts to predict the effect on clouchdensation nuclei, solar light scattering and
climate change. Recent works and reviews reveahtgqative information and reaction
mechanisms on the reactivity of nitrogen oxideghe presence of sea s@iRossi M. J.,
2003). These studies include the kinetics of heterogemeeactions, the formation of reaction
products, and the molar identity of all producteeTheterogeneous chemical kinetic aspect is
important in order to enable extrapolation of tle@aation mechanism from experimental
conditions of the laboratory to atmosphericallyewent conditions that often involve
significantly smaller concentrations of gases agal salt density than may be encountered in
laboratory experimental conditions.

Another crucial aspect of laboratory studies isfdet that often one uses surrogate substrates
in the place of real atmospheric particulates. Mabbratory studies have used NaCl as a
model for sea salt since it is the most abundamtpoment (87%). It was reported that NaCl
reacts with nitrogen oxides including BONO;, HNO; and NOs, to yield NaNQ and to
release species rich in chlorine as describgd@Rassi M. J., 2003][Grassian V. H., 2002]
[Finlayson-Pitts B. J. et al., 2000][Finlayson-Pitts B. J., 2003] The dramatic effect
increased ambient humidity has on enhancing nipabdeluction was pointed out while the
effect of organic coating to hinder this reactivitys recently started to be studjBdnaldson
D. J. et al., 2006] In particular, it was reported from uptake caméfnt measurements that
NO, is essentially unreactive on sea salt and delmprésNaCl at ambient temperature
compared to Ng N,Os and HNQ, and therefore the NINaCl reaction is thought to be
unimportant in the marine boundary layer at atmesphNQO, concentrationgRossi M. J.,
2003]. Nevertheless, field measurement campaigns intaloagies with industrial areas
provide evidence of a high chloride deficit in sedt aerosol when compared to bulk sea salt
and relatively high N@ concentrations in the marine boundary lajj¢éobayashi T. et al.,
1979].

Supplementary laboratory studies are requiredctoesie a better understanding of the
fundamental heterogeneous processes between ad@® NaCl crystals under simple but
realistic atmospheric conditions. Therefore, thatiee humidity of the reactive atmosphere
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and the presence of a fatty acid coating on thel dafStal surface have been reproduced in
the laboratory. The studies were performed with templementary approaches.

1) The heterogeneous transformation of coated NaGasaito NaNQ@ by NG; is
demonstrated and supported by Raman imaging. thatdly Raman spectroscopy
has not been widely used in this figghngmeister C. D. et al., 2001The advent
of powerful confocal microspectrometers providespatential solution for
obtaining molecular information from samples of ragropic volume and spatial
distribution under in-situ conditions. Further, tapping-mode atomic force
microscopy (AFM) is used for morphological charaisi&tion of the surface under
in-situ conditions with high spatial resolution. The gadlthis approach is to
elucidate the mechanism of water-induced spat@iganization of the fatty acid
coating and the NaNQOfilm on NaCl single crystal surfaces and NacCl
polycrystalline powder.

2) The concentrations of gaseous species are monitgied Fourier transformed
infrared spectroscopy in a reaction cell during tioeirse of the heterogeneous
reaction between NOand polycrystalline NaCl pellets in different rale
humidities as a function of the fatty acid coatoighe pellets. Special care will be
exercised to quantitatively interpret the heteragers kinetics during the course
of the reaction with the use of suitable simulatiofihe main aim of this approach
is to assess the influence of an insoluble orgeoating on the reactivity of NaCl
towards the abundant polluting M®pecies by measuring both gas concentrations
and NaNQ yield formation.

The work of this thesis was performed in the contéxhe “Tools and Techniques for a
Changing Atmosphere” project (TOTECAT) of the Ma@arie 6th Framework Project
(European Commission) and is organized as follows:

As detailed in this introduction chapter, the préseork is placed in the context of
atmospheric pollution of costal regions and congeraboratory experiments on
heterogeneous chemistry. Heterogeneous reactiomstittite a major part of the hidden
chemistry of the atmosphere, and one of the aimghisfwork is to study the kinetics of
certain reactions involving NCand NaCl. The determination of the rate laws dedréaction
mechanisms enables the extrapolation to tropospbeniditions.

In chapter 2 the laboratory model of marine adrosacting with NQ used throughout
the present worls explained and justified.

In chapter 3, the chosen materials, methods amdiiments which have been used in this
work are described in detail.

Chapter 4 goes through the mechanism of water-gdigpatial reorganization of NaNO
film on NaCl single crystal and polycrystalline fages.

Chapter 5 reports the results of water-inducediapatorganization of fatty acid coating
and NaNQ@ film on NaCl polycrystalline surfaces.

Chapter 6 is devoted to reactivity studies: gassehaharacterisation and uptake
coefficient measurements.

Chapter 7deals with the numerical fitting of the experimeérdaetics during the course
of the reactions with a simple and accurate reggtmodel.

Finally, the main insights of the work and the asiveric implications are summarized
in chapter 8.
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Chapter 2 - Laboratory model of marine aerosol

reacting with NQ
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2. Laboratory model of marine aerosol reacting withNO,

2.1 A model for the sea-salt: NaCl(100) surface

The major mineral component of marine aerosol i€INBaut its behaviour can be driven and
strongly influenced by minor species present asuiitips (such as SO, Mg?*, Br, etc)
because, as reported[Rossi M. J., 2003]a crucial aspect surrounding the laboratory study
of heterogeneous reactions on salt substratesjeb@sechanistic understanding, is the fact
that one uses surrogate substrates or proxiesatcatmospheric particulates that have the
same bulk composition as the atmospheric partadefar as is known from field experiments.
This aspect brings about the largest degree ofrtaety as far as reactivity with gas-phase
species is concerned, because adsorbed minorigvem trace components may alter the
reactivity of the condensed phase substantiallyaniples that may be cited are several
oxidation reactions of halides by ozone interactvith either synthetic or natural sea salt
substrates that have a substantially differenttiggcthan the majority component, NacCl.
Most laboratory studies have used NaCl as a madedda-salt since it is the most abundant
component.”.

When a sea-salt aerosol drop dries, the differeneral components recrystallise so that pure
crystals of different composition (NaCl, Mg@H0, MgSQ-H,O, CaSQ-2H,0 and
KMgCl3-6H,0) can be found in close contact, but not as a swlution[Xiao H.-S. et al.,
2008]. From this prospective, studying the pure comptsenimportant to better understand
the chemical behaviour of the non-liquid aerosatipias.

The strategy for describing a complex system igéadto separate the different constituents,
and once their individual peculiarities are undsodt to study the interaction between them.

NaCl (fig 2.1a, b, c) in its crystallized form isgsent as halite, a face centered cubic mineral
structure (space group Fm3m in the Pearson nojatiquosing the (100) face, which is also
thermodynamically the more stable. If a drop of Ne@ution dries, the resulting crystals are
mainly cubic (or an agglomeration of cubic crystalsd expose the (100) face to the air.

a=564 pm b)

a) C)

10 mm

O O O O
cPoPoPodPo

L2,

Fig. 2.1 a)Scheme of NaCl crystal structure. Each atom hasearest neighbours, with octahedral geometry.
b) NaCl(100) (and the equivalent 001 and 010) faaecstre,c) halite picturd Wikipedia]

cPoPoPoPo
O O O O

The NaCl(100) surface exposes'Nad Cl ions with a density of 6.8 10" ions/cnf, with a
superficial NaCl unit occupying 1,59 10*° m%. The distance between the first and second
layers of the NaCl is 1.4% less than that of thék land chloride ions in the first layer are
raised by 70pm, while the sodium ions are shiftedards the bulk by the same amount. The
second and third layer show no deformation andrldistances close to bulk valupsogt J.

et al., 2001]
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NaCl is a highly hygroscopic salt and in the preseof water vapour the water uptake
behaviour is classically described by the hysterediagram of deliquescence and
efflorescence, as shown in fig.2.2. This diagr&aomss that the solid phase can turn abruptly
into the liquid phase in the presence of sufficiardter vapour and that this process is
reversible. However, as the humidity is reduced,sblid phase suddenly reappears at a much
lower relative humidity. The precise value of DBH and ERH depend on the particle size
(see for exampl¢Gao Y. et al., 2007hnd[Li X.-H. et al., 2006) as it is a surface process
and by changing the particle dimension the surfas®lume ratio also changes.

S
oL '
3] Deliquescence ¥
G
[t
g :

Efflorescence
2 T
Toek— s
_ o ................ “ED

H !-‘.:\) ‘

I »

RH%
Fig. 2.2 The deliquescence and efflorescence points ¢&fHalCl. Adapted fronfReid J. P. et al., 2003]

To study NaCl synthetic single crystals of NaCl @ipg the (100) face have been used
because, as mentioned above, this surface istst@tys important in dry sea-salt aerosol and
when dry particles are used as a proxy for sdatsay always refer to the NaCl(100) surface
reactivity.

NaCl(100) properties are quite well described mliteraturgDai Q. et al., 1997] [Allouche

A., 1998] [Cabrera-Sanfelix P. et al., 200,/yvhere we can find experimental and theoretical
calculations about the behaviour of this surfacepresence of e.g. water vapour.

In [Dai Q. et al., 1997] the authors have studied the structures formetth®100) cleavage
surface of NaCl when exposed to water vapour withatomic force microscope. Above
~35% RH, a uniform layer of water is formed and $heface steps are observed to evolve
slowly. At ~73% RH, the step structure becomesabistand disappears abruptly because of
dissolution (deliquescence) of the salt surfacevelReng the process by drying leads to the
reappearance of new, more uniform monatomic sé&fplsumidity levels less than 30% water
adsorbs primarily on step edges. This study indgdhat the salt surfaces can actually be
covered by water even though the humidity is faolwehe deliquescence point.

[Allouche A., 1998] questions whether water can dissociate on detecsives of the
NaCl(100) surface. Using computational methods, abthor determines that water cannot
dissociate on steps of; ¢entres (positive ion vacancies on the surfaad)bhbrrier activation
on K centres (negative ion vacancies) fulfils the cbods of dissociation also
experimentally observed by IR spectroscopyDai D. et al., 1995] Here water dissociates
to hydroxyl anions which are bound at the surfawthe products of the reaction are trapped
in the vacancies (see figure 2.3).

In [Cabrera-Sanfelix P. et al., 2007} is reported that the raising of Gtom NaCl(100) at
RH lower than 40%, equivalent to the water monalaggime, is a low energy process. They
propose that the facile destabilisation ofi€lone of the mechanisms behind catalytic activity
of NaCl at low RH in reactions involving atmosploegases.
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Fig. 2.3 Final product of water molecule dissociation oRsacentre of NaCl(10qQAllouche A., 1998 Na and
Cl atoms are represented in black and light grepeetively, while in white and dark grey are H @&hdtoms.

2.2 A model for the organic coating of marine aerosolparticles:
palmitic, oleic and stearic acid

A wide range of different organic species with eli#fint functional groups (mainly oxygenated
ones) can be found in or on marine aerosol pastigReissell L. M. et al., 2002] The
chemical composition of these organic mixturesas gompletely resolved yet and can have
strong variations depending on the aerosol partstory. In the analytically-resolved
fraction, complex mixtures of ketones (R(C=0)R’)kames (R(CH2)R’) and carboyl
compounds (R(C=0)OH) are heterogeneously distritbuate dry particles whose external
organic coating shows enhanced concentrations 6ERJOH. This is direct evidence for
surface active compounds that may serve to coatcagu particles in humid conditions.
Consequently, a number of model systems, also krasvproxies, have been developed for
laboratory experiments. These model systems represe or more aspects of atmospheric
particles, and they vary in their complexity and how well they represent the real
environmental matrix. The most “idealized” proxae organic mono-layers.

2.2.1 Fatty acids

Fatty acids (n-alcanoic acids) are carboxylic acwiéh an unbranched aliphatic talil
(hydrocarbon chain) which is either saturated araturated. The schematic structure of these
amphiphilic molecules is shown in fig.2.4.

Carboxyl o_ 0 o_ 0
group c C
Hydrocarbon H_g
chain

Fig. 2.4 Schematic representation of stearic and oleic agions.

They are usually classified as a function of thenbar of carbon atoms (Cn) in their tail
because it reflects a certain number of physicap@rties, in particular their solubility in
water. If Cn<12 they have short chains and aremsdluble, if Cn>12 they are average or
long fatty acids and they are relatively water lobte.
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Like all amphiphilic molecules in polar solventsttyy acids behave as surfactants by
repartitioning at the water/air surface with thedtgphobic tails pointing out of the solution
surface. They can form expanded and compressed &t the air-water interface (fig. 2.5); if
Cn>12 they can only form compressed films.

gaseous state

expanded state

condensed state

Fig. 2.5 State of phase of a monomolecular surface filnagentaken froniSeidl W., 2000]

Fatty acid monolayers on the water surface aresifiléd as a function of their temperature,

ionisation and surface pressurg. (

During a surface compression process, schematicagyesented in fig. 2.6 (taken from
[Kajiyama T. and Aizawa, M., 199K]the organic monolayer (a) is partially converietb
bidimensional crystalline domains (b). These daomaiinitially grown with random
crystallographic orientation, are rearranged termdriin the crystallographically equivalent
direction owning to the pressure-induced fusionswoitering behaviour at the boundaries
among crystalline domains (c).

Compressing crystallized monolayer

gy
A

- I

- ;m:i. |
\ iu__ 7

S
N a)*r

A

Fig. 2.6 Schematic representation of the aggregation streiaif a ionic amphiphilic monolayer spread over a
water surface as a function of increasing surfaessure 19). A is the average available area for each modecul
on the surface. Ia) an amorphous monolayer, li) oriented crystalline domains, @) fused oriented-crystalline
domains forming a large homogeneous crystallisechatayer. Taken fronfKajiyama T. and Aizawa, M.,
1996].

By increasing the concentration of fatty acids aeakching the critical micelle concentration
(CMC), also monomers in solution have the tendeacyauto-assemble, forming micelles,
spherical-like aggregations in which the hydroghhieads are pointing towards the solvent
and the hydrophobic tails are oriented toward theei part of the micelle. Micelles are
dynamic structures involving fast and constant reitange of molecules between the
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Their dimesmisamd the number of constituent
monomers depend on the number of carbon atomsnprieséne hydrophobic chain and in the
size of the polar head.
In fig. 2.5 there is a schematic summary of thespta} state of medium chain (C>10) and
long-chain fatty acids in excess water as a functibpH and temperatuf€istola D. P. et

al., 1988}
pH< 7 pH~7 pH7-9 pH ~ 9 pH>9
F%% 9191t N
e ém,,, SR 11711 S O i%
Z_Phan:: :qr;J:gauz 2 Phases: :‘;:E:I:{:: 2 Phlla::ﬂ.
Ll Wil il
VB e T (o | AP

Fig. 2.5Schematic summary of the physical state formechbgium chain (C>10) and long-chain fatty acids in
excess water fatty acids as a function of pH antbtgature (T). Tc represents the hydrocarbomcimailting
temperature in excess water, and Tc differs ftiy facids,1:] acid-soaps, and soap&he aqueous phase is a
saturated solution of fatty acid, acid-soap, oapsoand the concentration of these molecules vagigh
ionization state and hydrocarbon chain length. dlbsed circles represent ionized (anionic) carbairy groups
and the open circles protonated carboxyl grouplse dtraight lines represent ordered hydrocarbamshand
the curved lines disordered (liquid) hydrocarbbains. Taken frofCistola D. P. et al., 1988]

A further increase in their concentration leadsh® formation of crystal-liquids, where the
molecules are highly oriented in one direction, levstill behaving like a liquid in all others
(see fig. 2.6 taken frofTabazadeh A., 200%]

Fatty acids at room temperature undergo a chersltahge known as auto-oxidation. The
fatty acid breaks down into hydrocarbons, ketoradehydes, and smaller amounts of
epoxides and alcohols. For this reason solutidrfatty acids cannot be kept for long time
(up to 2 days) without the production of decomposiproductdNajera J. J., 2007]
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Fig. 2.6 A typical, but simplified, phase diagram of anamic surfactant (taken froifTabazadeh A., 200%]
The minimum below 0°C is the eutectic of ice ane srfactant molecule in a solid crystalline phadaquid
crystals (cubic A, Hexagonal N , cubic B and lamg|l which are viscous-like liquids, have at lisfimension
which is highly ordered. In other dimensions, ldjgrystals behave in a manner similar to unstrectdtuids.
At low RH the liquid crystalline phases can stdlsarb a substantial amount of water.

2.2.2 Fatty acids as sea-salt aerosol surface active spc

Fatty acids have been reported to be major coestisuof the organic fraction on marine
aerosols in many investigation@Béarger W. R. et al., 1976]Gagosian R. B. et al., 1981]
[Sicre M. A. et al., 1990][Stephanou E. G., 199P] but they are also present on other
inorganic aerosol particles, such as continentgdhsties and nitrate ervahattu H. et al.,
2005]. They can be considered as potentially importanbsol surfactants because they are
major components of many natural atmospheric eonss{e.g. biomass burning, marine) as
well as anthropogenic emissions (e.g. combustiomratalytic automobiles, meat cooking
[Seidl W., 2000); they are therefore a ubiquitous presence.

Aerosols originating from different sources havBedent and characteristic fatty acid chain
length compositions, and even if they have not beemsidered good tracers of aerosol
emissiongGogou A. et al., 19964 clear difference between continental and masmeces
can easily be appreciated.

From the work ofTervahattu H. et al., 2002]fatty acids (hereafter denoted FA) on sea-salt
particles originated from dead plankton and otlrganisms and are composed of relatively
short carbon chains. As cells die, the hydrophauiostituents of the membranes (mainly
made up of fatty acids) rise toward the ocean’aser They were able to study the surface of
these particles by time-of-flight secondary ion smapectrometry (TOF-SIMS), a technique
which has unique combination of surface sensitiahd detailed molecular information.
Spectra of the outmost surface showed a high iityesgnal for palmitic acid (&) and
lower peaks for other FA. According to TOF-SIMS gea, palmitic acid was distributed on
micrometric-size particles, similar to the maringes. The stripping of the surface layer of
palmitic acid by the sputtering process revealeat the inner core of the sea-salt particles
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contain no FA, and therefore the FA are importagredients of only the outmost surface
layer of this kind of particle.

In other field campaigns, sampled marine aerodwsved a content of FA ranging from A
to G with the maximum at {g[Tervahattu H. et al., 2005]in agreement with the previous
studies.

The same biological origin and chain length disttiiin (see figure 2.7) has been confirmed
in another important workMochida M. et al., 2002] in which the authors highlighted a
positive correlation between concentrations @fCiy and sea-salt concentrations, suggesting
that these FA are released from the ocean surfetteetatmosphere together with the sea-salt
particles. The [FA]/[sea salt] ratio had a seabamaracter, with a maximum in spring-
summer.

(a) (b)
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Fig. 2.7 Examples of fatty acid concentrations measuredMiychida M. et al., 2002] Typical chain length
distributions of fatty acids collected)(in the remote marine air mass ab{l iq the air mass strongly influenced
by terrestrial sources.

The enhanced FA flux into the atmosphere during sleiason was found to be coherent with
satellite measurements of chlorophyllin the same region (northern North Pacific) which
show high biological productivity from spring toramer.

On the basis of the [FA]/[sea-salt] ratio, relattuemidity and particle size distribution, they

estimated a native coverage of FA on sea-salt3108%.

Fatty acids are likely to be presents as saltslkaliae sea-salt particld$agosian R. B. et
al., 1982] [Sicre M. A. et al., 1990]Seidl W., 2000] In [Stephanou E. G., 1992he author
observed that fatty acids salts were found in higle@centrations in marine aerosol than fatty
acids, while conversely fatty acids were more catreged than fatty acid salts during wind
events from inland.

Fatty acid coatings have been experimentally stldigXiong J. Q. et al., 1998pn ultrafine
sulphuric acid aerosol. The presence of a monolélerof stearic and lauric acid (linear
molecules capable of forming highly packed filmafards the hygroscopic growth o$$0,
particles, and this effect depends on the origiial-coating thickness. Oleic acid, being a
nonlinear molecule, has a smaller effect on thesnramsport of water.

On ammonium sulphate particles (agedS8H, aerosol, neutralized by the atmospheric
presence of ammonia) the impact of palmitic acidim water uptake and loss seems to be
very small[Garland R. M. et al., 2005] Indeed 50wt % palmitic acid composition has ¢o b
reached for the mixed patrticles to start to takevager at RH as low as 69% and they slowly
take up water up to 85% RH without fully deliquesgi

" DRH for (NH,),SOx is 80+3%.
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Particular attention has to be given to the work[Mding Y. et al., 2001] where a
computational model for internally mixed sea safjamic species (insoluble and soluble) is
presented. An organic fraction of 30wt%, when Ritue is below the deliquescent point of
the inorganic salt, gives a more hygroscopic charathan the sum of both species
independently because of the organic-electrolytieraction. Above the deliquescence point
of the salt the insoluble compounds remain undigshl resulting in a lower (-15%)
hygroscopic growth than the strictly inorganic satimposition. In the same model the
organic composition can be tuned, showing thas#gesalt particles hygroscopic behaviour is
strongly sensitive to the amount of soluble orfglgsoluble species.

The possible barrier effect against the transpbttace gases through the particle surface is
criticized and described as unlikely to be effitien[Seidl W., 2000] since the surface film
has to be in the condensed state to be an effdotinger. On atmospheric particles, mixed
films are present, and even in a compressed filrty, @ small area fraction of some 10-20%
can be expected to be in the condensed stateg so#ting is globally ineffective.

A recent computational study¥Chakraborty P. et al., 2008kuggests that water droplets
which are coated with lauric acid {£f should conversely attract water because of thiase
tension lowering property of FA. This suggestd tha coating can play a significant role in
increasing the cloud condensation nuclei property.

To my knowledge there is currently no work thategia clear picture of the effect of film-
forming organics on the hygroscopic properties (DEIRH, growth factor) of sea-salt, and
the majority of theories are still speculative amot adequately supported by laboratory
experiments.

2.2.3 Effect of fatty acids on surface chemical retions

As outlined in some reviews, i.fDonaldson D. J. et al., 2006}the effect of an insoluble
coating on the kinetics or chemical reaction medma of particles is not yet well
characterised. This knowledge is of primary imaoce, and there is much work underway
trying to better understand these processes, imgudis work.

Film-forming species are permeable to small mokesiduch as CO H,O, NH;, SG and
NO,, but they can provide a hydrophobic surface orciwitihe solubility these molecules can
differ, therefore giving a different overall uptageefficient for these gas@@aumer B. et al.,
1992], [Glass S. V. et al.,, 2006]Gilman J. B. et al., 2006][Park S.-C. et al., 2007]
[McNeill V. F. et al., 2006] [Thornton J. A. et al., 2005][Folkers M. et al., 2003] The
observed effect of different surfactants variesssanitially and depends on the substrate, the
monolayer properties and also on the type of gasitnsink processes in the condensed
phase. The results therefore suggest that manyolgetgeous atmospheric processes may
depend on detailed structural features of the motgdnic/inorganic particles. In many cases
more than a monolayer coating is needed to pethelsystem, inferring that, i.e. a palmitic
acid coating would not be in a simple inverse nhkcarrangement, but rather in a more
complex system with possible surface defects antl hgdrophobic and hydrophilic areas
[Garland R. M. et al., 2005]

The role that fat-coated aerosols can play in apmesc chemistry strongly depends on the
oxidation state of the hydrophobic shell. For theason a substantial portion of aerosol
chemistry research is also interested in the naacof the organic species themselves. They
can react with atmospheric oxidants and radicalkdotwy with the surface, and this can
determine the atmospheric fate and lifetime ofdiganic matter also adsorbed to the surface
of aerosol§Voss L. F. et al., 2006] The reaction with N©for example can lead to nitration
(confirmed by field measurements campaidhs D.-Y. et al., 2000][O'Brien J. M. et al.,
1997], [Mylonas D. T. et al., 1991][Luxenhofer O. et al., 199p]Jand to the formation of
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products that can absorb visible light, thus chagghe optical properties of the aerosol.
Many studies on the reactivity of unsatured oleid garticles with ozone can also be found
in the literature, with a transfer of knowledgenfrahe quite well known reaction of;@n
C=C double bonds to this new field of research [Raidich Y., 2003][Hearn J. D. et al.,
2005], [Vieceli J. et al., 2004][Dubowski Y. et al., 2004][Knopf D. A. et al., 2005jand
[Vesna O. et al., 200%]

The product of oxidation of both saturated and tured fatty acids films is the formation of
volatile and water-soluble organifgéatrib Y. et al., 2004]

2.2.4 Laboratory model of fatty acids coating on Nal surface

Organic monolayers are ideal surfaces for laboyat@periments: they are well-ordered, have
well-defined geometry, and can be well charactdrisefore and after reaction. Although the
organic surfaces of laboratory studies are verfgifit from the surfaces of real atmospheric
particles, they enabled researchers to probe Hwtive processes that are confined to the gas-
surface interface, to study the wetting propertieshe organic surface, and to identify the
products that are formed in reactions with atmosphedicals and oxidants. Different
technical approaches for generating the insolub#gilcgs are hereafter described. They are
presented in order from macroscopic surfaces, lodnd single particles:

Macroscopic surfaces

The more standard methods use Langmuir troughsitp and monitor the state of the film.
Besides the surface pressure and composition megasuats in mixed organic filn&ilman

J. B. et al., 2006]some heterogeneous reaction kinetics on filmsatem be studiefiVadia
Y. et al., 2000Q][Mmereki B. T. et al., 2004]

Bulk particles
Important technical problems still remain in cregtireproducible, well characterised

aqueous particles that are natively coated witbrganic film, due to the lack of solubility or
to the surface tension lowering effect. A possdn&ution has been found to coat dry aerosol
particles by condensing the organic species orgmtte.g. ifThornton J. A. et al., 2005]
and [Garland E. R. et al.,, 2008]By heating the vessel containing the organic pawd
vapours are generated and are then transportedghg #ux to the particulate surface. The
coated particles can be re-hydrated to the des$ttdd Through this expedient soluble and
insoluble surfactants coating can be studied, Xangle in an aerosol flow tube apparatus, as
reported in[Stemmler K. et al., 2008]Thornton J. A. et al., 2005][McNeill V. F. et al.,
2006] and[McNeill V. F. et al., 2007]

Aerosol Chambers can be used for monitoring théuéen of the particulate phase (particle
number and size distribution) when organic specoeglense on the surface, see g=glkers

M. et al., 2003]so that a more realistic coating can be reproducée reactivity of the
aerosol towards various chemical gas species ctested in the same aerosol chamber that it
is produced.

Single particles

Single particle trappinfHopkins R. J. et al., 2004f a promising tool that can allow reliable
measurements of the droplet size as well as mamifothe evolution of the chemical
composition by spontaneous and stimulated Ramatesog, as in e.gBuajarern J. et al.,
2007a], [Buajarern J. et al., 2007band[Butler J. R. et al., 2008]
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The choice of experimental approaches depends achvespect of the organic coating we
want to focus on: the reactivity and permeabilityhee organic coating, or its influence on the
reactivity of the inner inorganic phase.

Organic monolayers are usually characterised usi@gous surface techniques such as
contact angle measurements, infrared spectrosé¢opRf, X-ray photoelectron spectroscopy
(XPS), laser induced fluorescence and Second Ham@eneration (SHG) and many others.

For our specific reactivity study we choose to work the well known NaCl(100) surface,
therefore it was necessary to study and deposipalmitic, stearic or oleic acid coatings on
this solid and macroscopic surface; no bulk orlsipgrticle approach can then be used. For
further details on the deposition technique usedcke 3.2.

Several surface analysis techniques can be usebatacterise macroscopic organic-coated
surfaces, some more common examples of which aoeni&t Force Microscopy (AFM),
Time-of-Flight Secondary lon Mass Spectrometry (F&IMS), and Environmental Scanning
Electron Microscopy (ESEM).

In this work we used AFM to access topographic nmiation, such as surface status and
morphology. Raman micro-spectrometry allowed ussé® the spatial distribution of
chemical species on the surface and to distinduesiveen their different environments: solid,
liquid or deliquescent state.

Coupling these two complementary techniques camh teaa good description of the surface
morphology and of its chemical characterisatiom#situ conditions. For a description of this
see ch. 3.4.

2.3 NO at different RH: gas-phase reactions and equiliba

For describing the gaseous phase composition we twatake into account a certain number
of equilibria. First of all we have to distinghiga dry condition from an environment where
water vapour is present. The amount of water vap®expressed in terms of relative
humidity RH (%), where:

(2.1) RH% = "2 (100

p"'zo sat

wherep,, . is the partial pressure of water vapour &mﬂzo)sat the saturated partial pressure at
that temperature.
In dry conditions (RH=0%) we have only the folle\gidimerisation reaction and equilibria

(2.2) 2NQ ) — N2O4 (g

X
(2.3) Kp=Pteos = "o, 1
Pno, (X NOZ) P

Where P is the total pressure (mbar) andupd X are respectively the partial pressure (mbar)
and the molar fraction of the compon&nKp=6.77x 10> mbaf* at 298K[DeMore W. et al.,
1997].

The mathematical expression of the equilibrium)®@&ans that if there is a change in O
then at a constant total pressurg@ also changes, although not linearly.

This dimerisation/dissociation reaction is very tfagith a dissociation rate constant
k =4 - 10x 10 s at 298K [NIST]: this means that in our specific system, it takes
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10x 10”s to reach equilibrium conditions (~1 bar, 0.36%)muay filling our reactor with the
bottle mixture (3 bars, 5% mol).

When some water vapour is present, describing #seaus phase becomes more complex
owing to the heterogeneous hydration of Nf@d consequent decomposition reactions.

Some possible reactions that can lead to the claéraenposition of final gas mixture are as
follows.

NO, can become hydrated and can dismutate followiagélsteps:

(2.4) 2 NO, + H;0pds)> HNOzagt HNOzqy  k=(2.7+0.7)x 10/ M s
[Cheung J. L. et al., 2000]

Some studiegFinlayson-Pitts B. J. et al., 2003uggest that it happens through thgON
intermediate species, viz:

(2.4b) NO, O 1, N2Os (ads)+ HoO (ads) = HNOz(ag) + HNO3(aq)

This mechanism is supported by spectroscopic eesleghermodynamic calculations and the
fact that NO, is two orders of magnitude more soluble in watantNG'.

(2.5) 2 NQ(ag)— N2Os(aq) K=(6.520.3)x 10' M*

The nitrous acid can be released to the gaseosepha

(2.6) HNQaq) <> HNO; () H=49 M bar* [Schwartz S. E. et al., 1981]

but not the nitric acid that remains in the con@enghase (H=2x10° M atm* [Schwartz S.
E. et al., 1981f. Here it creates an acidic environment, whereetli® the possibility of
forming the ion NGO, itself involved in the reaction with HNO

(2.7) HNQ + NO" -~ H"+2NO +Q

giving the overall reaction:

(2.8) HNO3(ads)+ HNOy(ags) - 2NO + HO + Op.

NO can also react as follows:

(2.9) NO + HNGags—» NO, + HNO;

" Gas solubility can be estimated from the Henrystamt, H. It describes the repartition betweengaseous
and liquid phase of a componeintas the ratio between its solution concentratiod #s partial pressure:
H=[il/p;

Hy,o0, =1.4 M bai' NIST NIST Webbook.

H o, = (1.4£0.2)x 10 M bar* Schwartz S. E. and White W. H. (1981). Solubiéityilibria of the nitrogen

oxides and oxyacids in dilute aqueous solution. 8grdon and Breach Science Publishers.
¥ When a gaseous species can undergo some dissoaaiilibrium once dissolved in the aqueous phtise,
Henry's constant H is replaced by H* the pseudestant called the effective Henry's law constant:

H = H(1+IH—f]] with K, the acidic constant in mol/L. The real solubilitithe gas in the condensed phase is

then strongly influenced by the solution pH.
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In fig. 2.8 a schematic diagram proposes a mechmafos the heterogeneous hydrolysis of
NO, which can explain the origin of some species tlaat be found in the solid and gaseous
phasegFinlayson-Pitts B. J. et al., 2003]

The possible heterogeneous reactions of the inNi@y/water vapour system are not yet
totally understood, and many hypotheses still neede experimentally examined. For
instance another species that can be found in dseogis phase is,®, which is probably
produced from the dissociation of hyponitrous del@®@N=NOH).

2 MO g My --%--Naﬂ.
Ny i DHEG
OMOMO, NO'NO;
HI-
Hz0
{HMNz0.)
HONO == = = 1 == HONO + HNO;
NOg‘

MO, O = = == -2 ND* O+ H

HO*

MOy

My, {3NC°-NOyT], othars?

GAS PHASE HNO;(H,0); |E NT:RLYIH%
SURFACE FILM SILICA SURFACE

Fig. 2.8Schematiaepresentation of the heterogeneous hydrolysiharésm of NQ as reported ifFinlayson-
Pitts B. J. et al., 2003]

The consequence of the various nitrogen speci¢sadmabe found in the gaseous as well as in

the condensed phase is that the “humidity” variddae to be carefully taken into account if
we want to study the reactivity of solid and hygasic NaCl species with NO

2.4 Heterogeneous reactions of Ndn NaCl

If we put in solid NaCl and gaseous phase;NOcontact, the main chemical reaction is the
one leading the formation of solid nitrate and gasenitrosyl chloride:

(2.10) ZNOZ(g) + NaCls) - NaNQ3(5)+ C|NO(g)

Stoichiometry dictates that two molecules of N&de necessary for this reaction; however
another possibility is that the reagent is in theet form:
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(2.11) N204(g) + NaC[S) — NaNQ(S)+ C|N0(g)

This reaction is approximately second order icN\Nbgt R. et al., 1994][Peters S. J. et al.,
1996], [Li H. et al., 2006]

In one of the proposed mechanisms this reactiorappto be at least a stepwise process
involving the formation of a radical anion internegté in the solid, {Cl---N&@" which has
been identified by EPRat room temperaturf/Van J. K. S. et al., 1996] The reaction
mechanism would then be described as:

(2.12) NaCls) + NOyg) — Na'{Cl---NO3} )

(2.13) Na' {Cl---NOz} 5+ NOzg) ~ NaNOj(s) + CINOy

When some water vapour is present we can also thavkydrolysis of N@ or NbO4 on the
surface (as seen in ch. 2.3). In this case thasaifor the hydrolysis can be NaCl itself, so
that the following reactions can act in the glgbaicess of nitrate formation:

(2.14) HNO3(ads)+ NaC[s) - NaNQ3(3)+ HC|(ads)

HCI is likely to remain in the adsorbed state beseaof its high Henry's law constant
H=2.04<10° M? atm'[Clegg S. L. et al., 1967]

As a consequence of the presence of new speci¢geirgaseous phase, other possible
equilibria can be founfNIST].

Some of them involve the destruction/formation Q) [Karlsson R. et al., 1996]

Reaction (2.15) is known as CINO hydrolysis and lbara gaseous process, but catalysed by
the presence of surface adsorbed water:

_ +H, N + =(7x cm’molec”s
(2.15) CINQq) + HO(g) - HClg + HNOyq  k(296K)=(7+2)x 10°*cm® molec*s™

_ [HoNQ]([Hel] _

x 5
= Temolhol - (7.9+3.6)x 10

Heterogeneous reaction (2.16) is called dry CINCodgosition as it does not involve water
and is a minor reaction when hydrolysis occurs.

(2.16) CINOg) + HNO; (ads) —» 2NO, (gy + HCl (aq) k=(1¢0.3x 10° s

It is important to note that in this reaction CIN¥@haves like a source of NQas in the
reverse reaction between CINO and NaMDserved byVogt R. et al., 1994]

(2.17) CINO @t NaNG (s) — NO, @7 2N8.C!5)
CINO can also directly react with NCas described in the (2.18)

(2.18) CINOg) + NO, (g — NO () + CINO;, (g) k(296K)=3.6< 10%* cm’ molec’s™

8 Electron Paramagnetic Resonance
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Some gas-phase reactions other than the heterageneactions 2.10 and 2.11 can produce
CINO:

(2.19) cis- HON@, + HClg— CINOg) + H0() k(300K)=2.0% 10°* cn? molec' s*
(2.20) trans-HON@) + HClg— CINOg + H:Oq  k(300K)=1.9% 102 cnv molec' s™

Some studies also report reactions betweeng#eid NGQ/NO:

(2.21) HClg + NO; () — HNO; () + Clyg) k(298K)=6.35% 10" cn’ molec’s™*
(2.22) HClg + NOg — HNOg) + Clyg k(298K)=2.4% 10" cn’ molec’s®

The heterogeneous reaction of NaCl and,i&s been widely studied in the literature, but sti
there remain many uncertainties in the mechanisirkaretics to be explained, because of the
intrinsic difficulties of heterogeneous chemistrxperiments and reproducible surface
conditions and because the reaction itself is myply a bimolecular one. For an overall view
of the problems, see the reviejossi M. J., 2003pnd[Finlayson-Pitts B. J., 2003]

The reactivity has been measured for reactions @nt02.11 by various techniques: the main
results are listed in table 2.1, at the end of thiapter. This table will be more extensively
discussed when interpreting our results from tmetkc experiments, in ch 6. Note that some
studies assume N, rather than N@as the reactive species. The kinetic parametad in
the literature for quantifying the heterogeneousctigity are described in the next section
(2.4.2).

In [Peters S. J. et al., 1996he important discrepancies in the literature @malysed and
explained in term of surface differences and qiyamti defect sites. The surface state is in
fact a crucial parameter that controls the hetareges reactivity. The differences between
the experimental results in tab. 2.1 are also duth¢ techniques used, if the kinetics are
studied following the reactant or the producthié teaction taken into account is 2.10 or 2.11.
For an exhaustive overview there are two main resigRossi M. J., 2003pnd[Finlayson-
Pitts B. J., 2003]

2.4.1 Kinetic parameters for describing heterogeneous resivity

The primary experimentally observable parametea ineterogeneous system is the rate of
uptake of a trace gas species and in some caséxthation rate of one or several products.
In the first case an uptake coefficieyj €an be determined, in the second case a reaction
probability coefficient ¢) is measured.

Uptake coefficieny:

When a gas is in contact with a condensed phassoga molecules driven by thermal
agitation can diffuse towards it and hit the susf&c
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From the gas kinetic theory, the number of molexudéa gas A that can flow through a
surface S of unitary area per unity of time is:

1
(2.23) N =Z<C>[A]
with:
- Ns in molecules ci s™;
[A] is the gas-phase concentration in molec¢m
<c> is the average molecular velocity of A in ¢ defined as:
(2.24) <c>:1/E
™
where

M is the molecular weight of A in g midl
R is the ideal gas constant;
T is the temperature of the reactor in K.

A fraction of the molecules that hit the surfacen dae irreversibly taken up due to
heterogeneous processes (dissolution, diffusisidénthe condensed phase and/or reactivity).

The ratio of the number of collisions leading totake to the total number of possible
collisions on the unitary surface S in 1 secontiésuptake coefficient

(2.25) y= # of taken up molecules per unity of surface tameé = N,
# of colliding molecules per unity of surégand time N

y is then a dimensionless parameter and repredemtgrobability (0g<1) that a gas phase
species is removed irreversibly from the gas pl@ase active surface at that temperature, i.e.
a value ofy = 10x 10* means that one collision over 10000 will resuls@guestration to the
condensed phase.

The number of molecules taken up can be experirhemteeasured assuming a first order
uptake for A in the gaseous phase:

diA]

(2.26) "

- KIA]
The total number of taken up molecules per unitroé& and surface is then:
\%
(2.27) Nup = K [A] S
So that the value ofcan be calculated from the rate coefficient k:
vV k

2.2 =4
(2.28) y S<cs

The specific mathematic treatment of eq. 2.28 dép@m the experimental set-up chosen for
determining the uptake coefficient.

The observable uptake rate of a species on a suifaa complex process and depends on
several elementary processes such as gas-difftemards the surface of interest, the mass
accommodation rate, the desorption rate from tilase back to the gas phase, the chemical
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transformation at the interface, the diffusion itite bulk of the condensed phase and possible
chemical reactions within the bulk phase. The kmptaoefficienty refers to a series of
processes and is a description of the overall gsoceFor extracting information about a
specific aspect of the uptake process, i.e. thesraasommodation on the surface, specific
corrections or experimental conditions have to §edu The uptake coefficients and reaction
probabilities usually listed in tablgRossi M. J., 2003Jare presented in a variety of forms
depending upon the experimental technique used:

* Vssdescribes an experimentally determined uptakeficaeft obtained for measurements
at steady state even though the physical stateeafyistem may change fairly rapidly with
time, for instance due to surface saturation. Bawgtake experiments of flowing gases
on solid surfaces are conducted at very low trag® @pncentrations in order to avoid
surface saturation.

* Vo corresponds to an experimentally determined initiptake coefficient that was
changing rapidly with time. This value may have rbeebtained either through
extrapolation of time-dependent values or it corresponds to an uptake coefficient
resulting from a pulse experiment.

» y corresponds to uptake coefficient that was pramessr corrected through major
manipulations such as correction for gas-phasegidh and condensed-phase diffusion.

*  Vobs Ymax cOrrespond to the observed values of the uptalsdficent under defined
experimental conditions and to its maximum valespectively.

* VY« corresponds to the uptake coefficient of species Xases where more than one gas
species has been exposed to the surface of interest

Some authorfMoise T. et al., 2000hlso suggest the introduction\of a reaction probability
per reactive site, which enables the quantificabdruptake as the reaction proceeds and
surface reactive sites are depleted.

Reaction probability coefficien

In previous work there are many examples (Agostolescu N. et al., 2004nd[Ullerstam

M. et al., 2003] where product formation rate is measured instda@agent decrease. The
derived rate coefficient can then be used to cateuh reaction probability coefficiegt In
analogy to the uptake coefficieptthe reaction probability (referring to the geneedction
aA+bB- cC+dD) is defined as the fraction of gas-solidismins leading to reactive uptake,
and it is calculated from the equivalence of thegemt consumption and product formation
rates:

id[A] _ }d[C]
a dt c dt

(2.29)

The number of reactive collisions on the surfage tben be indirectly expressed in terms of
product appearance rate:

_ad[C]V
2. =AY
(2.30) Np c dt S

Leading to an equation similar to (2.28), in whittte reaction probability parameter is
expressed in terms of the experimentally obsergable
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_a 4v d]

(2:31) O SOl o

If some conditions are respectemcan then be used as an equivalent torhese conditions

are:

- stoichiometry is correctly taken into account;

- there is no induction time for the product formatio

- there are no reactions involving A or C other tlila@ one that is the object of the
investigation.

The reaction probability coefficient is systematicaused in some specific experimental
methods, such as DRIFT measurements (see 83.5.1).

Its use is justified by two main advantages; thst fihat experimentally it allows an easy
measurement of uptake coefficient in flux mode ewtnambient pressure, the second
concerns the data correction treatment.
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osoliL

reference solid phase surface status  NO; Total | reaction| technique observed species Y
concentratign Pressure order in
(molec cm®| (bar) | [NO]
[Sverdrup G. M. et sea salt not reporﬁ};d “1RHO0%
al., 1980] g 10° RH88%
E
[Finlayson-Pitts B. NaCl IR Humidity and| 1.3x 10 +&| 5x 10* - IR CINO, NaNQ@, NO, >5x%x 108"
J., 1983] windows and | organics freel 1.9x 1017;;‘ =1
rock salt mineral §
[Winkler T. etal.,| NaCl tablet 2.4.16<10" 10° NO.|| photoelectron CINO, NaNQ, NO,
1991] ? spectroscopy, Cl,; HCl and HNQ
MS in presence of water
[VogtR. etal., | 1-5um particles Humidity and] 2-30x 10" | 30x 10°| 1.6+0.2]  DRIFT NO;, NO;and | (1.3%0.6) x10*
1994 organics free CINO when in stati
conditions
[Peters S. J. etal.;, NacCl (100) defect-free;] 3.7x 10"+ 2 IR CINO, NaNQ, (1.340.3) x 10°
1996] anydrous 8.5x 10'° HONO. No HNQ.
[Yoshitake H., 2000] NaCl 0.3-0.um | dry and water- 1.7x 10>+ 1.7 DRIFT NaNQ@, HONO (442) x10° on
vapor exposed 8x 10 dry salt
(1.5+0.2)x 10°®
on humid salt
[Li H. et al., 2006]| NaCl particles 2 DRIFTS, IC, (1.54+0.70%10°
XPS, SEM

Tab 2.1 Measured uptake coefficiepfor the heterogeneous reaction of Ndd NaCl. Uptake coefficient calculated for theaté&an N,O, + NaCl are reported italic characters.

" Calculated by following the appearance of CIN@daction 2.10.
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Chapter 3 - Materials and Methods
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3. Materials and methods

3.1 Materials

3.1.1 Solids:

The NaCl (100) surfaces used in this work haveedkffit origins, depending on the specific
characteristic needed in the experiment:

= When a perfectly flat surface was needed, 10 x I0mm crystals (Merck) were used
after mechanical polishing. This surface is flat affiected by polishing defects (parallel
lines coming from the abrasion process, visibléwwEM, see ch. 4.1)

= When the presence of these polishing defects wadasired, 10 x 10 x 10 mm crystals
(SPI-Chem TM) were cleaved with single edge razadéds along the (100) face in
ambient air to obtain approximately 2mm thick smtsi In this second case the surface
was fresh and flat at the atomic level over a aedeea, but the cleaving procedure gives
rise to cleavage edges.

= For the kinetic experiments large quantities of NsiGfaces were required and as it was
impossible to use pure single crystals for eacteenpent, we used a sieved NaCl powder
(granulometry <8(m) to prepare solid disks of 13mm of diameter amnlof thickness
containing 150mg of NaCl. NaCl grain powders a@9.5% of purity (S@and K
<0.01%; Ca, Cd, Co, Cu, Fe, Ni, Pb, Z0.005%).

NaCl salt is highly hygroscopic, especially if th&face has been mechanically polished, so it
has to be kept in a dry and heated environmenin(atel10°C).

NaNG; salt (99% purity, Fluka) is used for determinihg nhitrate calibration curves in the IR
quantification of formed nitrate on NaCl tabletpeged to NQ@.

Mica(100) sheets of 2.54x 2.54cm (Agar Scientificg the other model surface on which
fatty acids thin layer have been studied. This sudace which is flat down to an atomic
scale.

3.1.2 Gases:

The NQ and N gases are provided from commercial cylinders (Riguid) with the
following nominal concentration in mol%:

NO,/He (0.978+0.5)%

NO,/He (0.987+0.5)%

NO,/N, (4751024)%

N2 99.996% (industrial gas).

The gas is used without any further purificatioR. §pectra of the gases contained in the
cylinders are recorded before their use and theywghe presence of trace amounts of NO,
HNOs, and HNQ that are expected in every gas mixture of,@ntaining some wat¢weis

D. D. et al., 1999] probably present in small amounts in the nongaéisf anhydrous IR gas
cell/teflon lines.
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3.1.3 Organics:

The fatty acids are from SIGMA ALDRICH and usedivatit any further purification:
Palmitic acid sodium salt (gHz1NaG,); 99% purity
Stearic acid sodium salt {§H3sNaG,); >99% purity
Oleic acid sodium salt (gHs3sNaGy); >99% purity

Their surfactant characteristics (Critical Micellencentration CMC) are reported in tab. 3.1:

product
product name| abbreviation MW (g/mol) CMC in water (mol/L)
in this work
palmitic acid 2.1-10° at 30°C[Marsh D., 1990]
sodium salt | Na%e 21841 2.1.1C° [Akhter M. S., 1997]
stearic acid 2.6-10° [Mularczyk E. et al., 1996]
sodium salt NaCis 306.46 1.8-10° [Marsh D., 1990]
1.8-10° [Akhter M. S., 1997]
oleic acid :
sodium salt NaCisg 304.44 2.15-18[Akhter M. S., 1997]

Tab. 3.1Used fatty acids surfactants characteristics.

The solvents used for preparing the fatty acidatsmi are deionised water and spectroscopic
grade pure ethanol (>99%, Fluka)

3.2 Surface preparation and coating

3.2.1 Pellets preparation:

NaCl(100) surface for the heterogeneous reactestyeriments have been prepared as per the
following procedure:

NaCl powder grains are ground by hand until a fioeder is obtained. This powder is sieved
and the <8(m fraction is kept at 110°C for at least one dafpteepreparing the tablets.

The pellet press working conditions are choserr afptimising the time and pressure required
by checking the obtained NaCl pellet surfaces ywigcal microscope. NaCl micro-crystals are
found to best sinter together when a weight ofnstis applied for 2 minutes. Fig. 3.1 shows
two typical optical images at 100x magnification.

As can be seen in fig. 3.1, the single grain bardee not visible any more and the surface
flathess is very good. Some microscopic linearasuerfdefects are present because of the
roughness of the press tools. Some small crystalite nevertheless still present on the outer
part of the tablet surface because the pressuretiapplied perfectly homogeneously on the
surface (fig.3.1b).

No more improvement is possible as 7 tons is tlesgure limit of the press, and if this
pressure is applied to the powder sample for adotigne, the resulting pellet is very fragile
and flakes when trying to handle it.

The conclusion is that these are the most compadt lomogenous surfaces from a
microscopic point of view that we are able to oftai
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Y (um)
Y (um)

NaCl pellet

b
a) )

Fig.3.1NaCl pellets optical images taken with a 100x (akotive. In (b) a 100x image of the external borafe
the tablet where less pressure is applied and $@tkeires and small salt grains are still presaerihe surface.

3.2.2 Surface coating

If a known quantity of fatty acid solution is defied on a flat surface, the characteristics of
the deposit strongly depend on the solvent evajporatonditions (i.e. T, RH, P). Without
having the possibility of controlling these condlits, the reproducibility of the surface
deposit cannot be assured.

Y (um)

¥ (@m)

Y (um)
Y (um)

4 um
-

0 20 40 60 80
X (um)

Fig. 3.2 A drop of NaGg solution on mica(100) surface after drying for @hBnder microscope light
Magnification 10x(a), 50x(b) and 100Xc) - (d)
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In fig.3.2 optical microscope images were presemnedof a drop of oleic acid sodium salt
agueous solution deposited on a mica surface, thighintention of highlighting the strong
inhomogeneous character of the deposit once tierstohas evaporated.

From these images we can observe thatjla€an recrystallise with different morphologies
and with different crystal sizes: from some hundretimicrometers (fig.3.2.b) down to a few
micrometers scale (fig.3.2.a and c). Not only alste structures can be formed, but also a
sort of viscous deposit with varying thicknessed aarying packing order degrees, as can be
seen in fig.3.2.c and d. These organic deposite baen studied to try to identify the Raman
signature of the different F.A. agglomeration stuues (see chapter 5).

In order to compare F.A. coated/uncoated NaCl(I@@agtivity at different humidities, a
higher reproducibility of the surface charactecstis necessary. The dip-coating technique
when performed in controlled environmental condisiccan assure this better than any other
techniques.

The NaCl surfaces are coated with a fatty acid siépia a dip-coating procedure. The dip-
coating technique is widely used in surface treatmeven at the industrial scale, especially
with the sol-gel method. This procedure consistsvetically dipping the surface into a
solution containing the species (or its precursong}l we want to deposit on the surface
(fig.3.3). The precise control (through a motorisgdtem) of the speed of removal of the
surface is a key parameter for obtaining the ddshiekness and homogeneity of the deposit.

Fig.3.3 A schematic representation of a dip-coating praced

The dip-coater apparatus used, owned by IEMN turisti Electronique, Microélectronique et
Nanotechnologie, University of Lillel), is locateda clean room.

Fresh F.A. ethanol solutions at the CMC are praphsevigorously stirring the solution in a
heat bath at 40-45°C for 20 minutes so as to leg=tA. powder to dissolve. The solution is
placed in an ultrasonic bath for 1-2 minutes tophdisperse the floating aggregates. The
solution is filtered with a <3@m Millipore filter before use and is used withirettame day.
The NacCl tablets are placed on a sample holdertmmted from a glass slide onto which a
special tablet housing is fixed. The sample holdetipped into a F.A. ethanol solution at a
speed of 2mm/s. After a residence time of 30s en#lie solution, the glass holder is pulled
out at the same speed. The tablet is left to dryhenlaboratory atmosphere (T=293+2K;
RH=50%210%) for 10 minutes before being put inadeetri box. The Petri box is then put
inside a dark glass dryer B drying agent) for the time between the surfac@anration and
the surface exposure in the reactor. The coatdttlearare exposed to NQvithin the same
day as the organic coating has a short lifetime tduatmospheric oxidation of the organic
layer.

3.3 Vibrational spectroscopy

Infrared absorption spectrometry and Raman scatfespectrometry are based on vibrations
of molecules and/or crystals. The vibrational satta molecule or a crystal can be probed in
different ways. The most direct way is through Ifecroscopy as vibrational transitions
typically require an amount of energy that corresjsoto the IR region of the spectrum.
Raman spectrometry, which typically uses NIR, Ve&sibr UV light, can also be used to
measure the vibrational frequency directly. Thewianeous excitation of vibrational and
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rotational transitions gives rise to vibration-tata spectra. A schematic representation of the
IR and Raman absorption/scattering processes vgrshmofig.3.4.

. . [ m i 1
Excited electronic ste S y
] [ j
1
Virtual states Virtual states Virtual states 7_"
vy,
hiv-v)
hv hv .
Anti-Stokes (v +v)) Stokes P (v-v,)
hv, { § }
e T — { § ) ]
IR Raman +  Raman Rayleigh Preresenance Resonance
Remen Raman
a) b) 0 d) e)

Fig. 3.4IR absorption (in red) and Raman scattering pm¢@adight blue)

A non linear molecule with n atoms has 3n-6 viloadl modes, whereas a linear molecule
has 3n-5 normal vibrational modes as rotation alisuholecular axis cannot be observed.
The coordinate of a normal vibration is a combmratbf changes in the position of atoms in
the molecule. It is usual to describe molecularratibns by the change of internal
coordinates: stretching, bending, rocking, etc...ahd normal coordinate, Q can be
constructed and described as a combination ofnateroordinates. In order to carry out the
guantum mechanical treatment of molecular vibratjdhis necessary to introduce a new set
of coordinates called normal coordinates. One nbrooardinate is associated with one
normal vibrational mode.

In the harmonic approximation, the ordinary differal equation follows:

2
(3.1) 189 ko=0
dt
The solution to this equation is:
1 |k
(3.2) Q(t) = Alcos@mt); v=— |—
2\ Y

A is the maximum amplitude of the vibration coomtim Q,u is the reduced mass and k the
force constant.

Solving the Shroedinger wave equation, the eneiags of each normal coordinate are given
by:

(3.3) EV=(V+1j1 k
2)2m\ UL

Where v is a quantum number that can take valu@s bf2, ...and h the Planck constant.
The difference in energy when v changes by 1 isthez equal to the energy derived using
classical mechanics. For a harmonic oscillatongitéons are allowed only when the quantum
number v changes by on&v(= * 1). The observation of overtonf&g > + 1 is only possible
because the vibrations are anharmonic.
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Typically only small molecules exist as gases abiant temperature. In the gas phase
molecules are essentially independent with litleno effect due to the interactions between
molecules. Thus, for gas-phase molecules, not drdyvibrational states of molecules are
guantized (v), but the way the whole molecule smnsund its centre of gravity is also
guantized (rotation quantum number J). One obsefge gas-phase molecules a small
number of vibrational transitions, each of whiclsjdit into many rotational transitions.

In a liquid, the rotational motion is normally coletely quenched due to intermolecular
interactions. When the molecules being observededatively small, or have high symmetry,
it is often possible to distinguish among possibtaeictures or isomers by counting the
number of vibrational transitions. However, sinbe totational transitions are absent, no
information is available on bond lengths in theadmmsed phase from the vibrational spectra.
When molecules get very large or have low symmetingre are numerous vibrational
transitions and it is impossible to assign theudture from their vibrational spectra.

Many solid materials, including minerals, are cosgmb of molecules and ions ordered in a
lattice arrangement called crystals. There are #&tyaof crystal structures such as cubic,
hexagonal, etc...with a total of 230 spatial groufd®e vibrational transitions depend on the
molecule or ion at the site of the crystal and ba spatial group. In a crystal with Z
molecules/ions per cell with p atoms per moleculbsre are Zp-3 vibrations and Z(3p-6)
internal vibrations.

By using the different available techniques, ip@ssible to determine the vibrational normal
modes, molecular, site and spatial group symmdttigeostudied systeifibecious J. C. et al.,
1977], [Turrell G., 1972]

A vibrational mode is active in infrared absorptispectroscopy if the derivative of the
molecular dipole moment (pwith respect to the normal coordinatg/dQ# 0.

A vibrational mode is active in Raman scatteringctpscopy if the polarizability derivative
with respect to the normal coordinate/dQ # 0, with:

(3.4) p=p, +aE

p is the induced dipolar momend,in the intrinsic dipolar momeng is the polarizability
tensor ancE the electric vector.

The classification of molecular vibrations by symmas useful because it is easy to derive
selection rules for IR and Raman activities by gsiformation in the character tables.

3.3.1 Infrared spectroscopy

Infrared spectroscopy is based on the interacteiwden matter and radiation in the IR part
of the electro-magnetic spectrum. The mid-infraragproximately 4000-400 ¢t (30—
1.4um) is used to study the fundamental vibrations asdociated rotational-vibrational
structure.

In IR spectroscopy the transition energy is oftepressed in term of wavenumber(cm?)
because it is directly proportional to energy: E{J386x 104 V .

Fourier transform infrared (FTIR) spectroscopy isnaasurement technique for collecting
infrared spectra and its principle is shown ingsbkeme 3.5. Instead of recording the amount
of energy absorbed when the frequency of the irdcalight is varied (monochromator), the
IR light is guided through a Michelson’s interferet@r. The principle is the measurement of
the temporal coherence of the light, using the {ttomain measurements of the
electromagnetic radiation. After passing throughghmple, the interferogram is measured.
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_ interferogram
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FTIR spectrum

Absorbance

Fig. 3.5Measurement principle of a FTIR spectrometer.

Performing a mathematical Fourier transform on thierferogram results in a spectrum
identical to that from conventional (dispersivejramed spectroscopy. Measurement of a
single spectrum is faster with the FTIR techniqeeduse information at all frequencies is
collected simultaneously. This allows multiple saespio be collected and averaged together
resulting in an improvement in sensitivity.

Gaseous samples require little preparation beyomdfigation, but a sample cell with suitable
windows and a long optical pathlength is normalBeded as gases have relatively low
densities and hence weak absorbencies (a typioghs$reell is 10 cm long).

Solid samples can be prepared in different ways. mbthod used in the present work is to
finely grind a quantity of the sample with a spégiaurified salt, i.e. NaCl. This powdered
mixture is then crushed in a mechanical press nm f@ translucent pellet through which the
IR beam of the spectrometer can pass.

The diffuse reflectance technique allows the recayddf IR absorption spectra with fine
powdered samples. This technique is often combin@tl wn-situ reactors to monitor
reactions between fine powders and gases.

3.3.2 Raman spectroscopy

Raman spectroscopy is based on the principle ohtapeous Raman scattering, whose

schematic process is shown in figure 3.4.

The incident ray of frequenayis very high in energy compared to the vibraticmahsition

vy. After excitation from the fundamental level th@letule can lose its excess enewy

various radiative pathways:

= emitting a photon with the same energy. This is ¢hse of an elastic scattering, or
Rayleigh diffusion (fig.3.4.c).

= if the molecule relaxes to a vibrationally excitedel (fig. 3.4.b), the emitted photon will
have an energy equal tovh{,), lower than the excitation energy. In this cake t
phenomenon is called Raman Stokes scattering.

= if the molecule was originally in a vibrationallx@ted state and after excitation to a
virtual excited state falls back from the virtutdte to the fundamental state (fig. 3.4.a),
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the emitted photon has an energy of#w,), higher than the incident light. This case is
anti-Stokes Raman scattering.

In standard conditions Stokes scattering is mamnse than anti-Stokes, mainly because the
lower vibrational states have a larger populatasngiven by a Boltzmann distribution:

4 hv
(35) I Stokes  — V-V, @ﬁ
I V+yv,

anti-Stokes

Inelastic scattered light contains unique inform@tcharacteristic of the vibrations of the
probed molecule, because it is linked to the viamabf polarisabilitya of the molecule
during a transition from thieto thej level.

The polarisability of the molecule finds its origma change of electron distribution when an
incident electro magnetic field perturbs differgntiuclei and electrons of the molecule
because of their different masses.

A description of polarisability in the internal aolinate (Q) reference system as a function of
incident electro magnetic field gives the followiegpression when we only take the first
term in the expansion:

(3.6) a=o,+ o)

— &

Q.‘Q_
Qll

So that equation (3.5) becomes (3.7) in a simplifem'":

(3.7 p=p,ta,- EO cos@rvt) + zj_(gg G%[cos@n(v +V,)t) + cosRm(v —vv)t)]

Zo &
In this expression we can identify the Rayleighttecang in the term containingos@rv )
and the Raman anti-Stokes and Stokes scatteringthm cos@rm(v+v, )t) and
cos@m(v — v, )t) terms respectively.
2

da , described as the Raman

The intensity of the Raman scattering is then prioqaal to q

activity of the vibrational modes.

A Raman spectrum (i.e. fig.3.6) contains peaksamds identified by a Raman shift in wave
number units ¥in cm?®). A Raman shift represents the energy differebetveen two
vibrational states. The Raman spectrum of a ligaichple represents the molecular vibrations
of molecules oriented in all directions. In theiddtate, molecules are “frozen” in specific
orientations. In solid crystals, molecules arered in three-dimensions.

" Including only the non-parametric processes (wiieeee is some energy exchange involved) in tts dirder
term of polarisation.
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Fig. 3.6 Stokes and anti-Stokes Raman signature of cagited aA=632.5nm

Raman theory with linearly polarized light

An insight into the theory of Raman scattering gdimghly focused excitation and scattered
linearly polarized light is summarized belo\B#&tonneau Y. et al., 2000; Sourisseau C.,
2004)).

A surface irradiated with a focused laser beanhénvisible range emits a flux of phototrs
that can be described as the sum of different commts:

(38) Ps= CDR + CDE+ CDT + CDF

Raman®r and elasticbg scattering are often present together with themadiation®+ and
luminescence and fluorescence radiat®n Elastic scattering can be easily cut off with
filters, whilst the other components cannot and banpresent in the Raman spectrum.
Organic components in particular are able to enhitight luminescence which covers and
hides Raman scattering in the majority of casesorescence effects that can mask the
Raman signal are usually produced in the same rgpaelgion of the probe wavelength
(visible), but not in the case of excitation in ¥, where Raman scattering is produced far
enough from the fluorescence window so as to bffectad.

An expression for the scattering signal inten€ityin a Raman microprobe instrument can be
written in the following form:

(3.9) Or K i,ﬂée Lo,y LE, i dQ v

With K = 4 8V ® (vo-Av)*, where y=1/137, ® is the exciting flux,voand Av are the
wavenumbers of the exciting and Raman-shifted tiadiarespectively, Eis the electric

vector E. is the transpose of the electric vector) of theitaion light, & is the electric
vector of the scattered lighttxyz is the Raman tensor of the sample system in theesfixed
coordinates XYZ. V is the total scattering volumel & is the solid angle defined by the
angular semi-aperture of the objective. The Rareandr in the space-fixed coordinates XYZ
relates to the Raman tensor in the crystal-fixedbrdinates xyz assuming some
approximations by

(3.10) 0y, =R, [R

Xyz
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whereR is the rotation matrix (and its transp(R ) defined with respect to Euler angl@e
Raman spectra of crystallized particles is foundiépend on the orientatioR) while the
Raman spectra of amorphous compounds and randaretyted nanocrystals exhibit typical
powdered Raman spectra. The use of an analysetetbaa the scattered beam in the Y
direction parallel to polarization exciting lightgoresses thexx, dyx andozx elements®g
can finally be reduced to :

(3.11) g = K X 0lyy?

when the effect of large aperture objectives islewtgd, which is the case for samples with
low birefringencelBatonneau Y. et al., 2003]Sourisseau C., 2004]The expression of the
Raman tensor elemeaty in the laboratory frame in term of Raman tensemantsy;; of the
crystal and Eulerian angle functions is detailedJen S. et al., 1977]Polarized confocal
Raman can help in detecting orientation changethef/ occur during an experiment by
measuring changes in the relative intensities oh&apeaks.

3.4 Surface analysis — imaging techniques

The principle characteristic required from a suefanalysis technique for our case study is
the ability to operate under ambient conditiong&sdo be in as similar a situation as possible
to real surfaces in the atmosphere. Therefore vactachniques are not suitable as even
though they are very surface sensitive, they céstantially alter the surface organisation of
our hygroscopic samples. Techniques using a higngy probe are not adapted to a thin
fragile coating of thermally labile organic species

Raman micro-spectroscopy has been systematically tassobtain molecular information and
is adapted tan-situ conditions. Non-contact atomic force microscogyFN) has been used
to estimate surface morphology, always undamn-situ conditions, with high spatial
resolution. The goal of our surface analysis isliacidate the spatial arrangement of the
surface after exposure to N@ith different humidities, and to eventually telse effect of
organic molecules on surface reorganisation inghime process. The coupling of these two
techniques can give us information about the sarfatus (AFM) and about the chemical
species on the inner part of the surface.

3.4.1 Micro-Raman imaging

The confocal Raman microspectrometry combines tlwbecular capabilities of Raman
spectroscopy and the spatial resolution of optitaloscopy.

Raman microscopes using optical microscopes wereduced in the 1970s, and take
advantage of diffraction-limited optitisto provide molecular and crystalline information.
The spatial resolution of a Raman microscope i®nted to be of the order of the laser
wavelength. A Raman microscope equipped with anraated stage records Raman maps
using the point mapping method, which is, so fag tmost popular method of recording
Raman maps.

Successful data processing of Raman spectra watliRaman map results in Raman images
that represent the spatial/volumetric distributadrdifferent chemical components within the
sample.

122\
* Minimum diameter of the light spot D=N—A; NA= numerical aperture of the optics; valid fight in the
visible spectral window.
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The surfaces are analysed at the “University Meamant Centre for Raman Micro-
spectroscopy” in the LASIR laboratory, mainly useadg.abRAM Dilor. A LabRAM HR UV

is also used for testing the more superficial layfesample surfaces.

The samples are mounted on the microscope staga @BbRAM confocal Raman

microspectrometer (Horiba, Jobin-Yvon), in backtssang geometry. The instrument is
optimised for visible wavelength excitation, gre@i4.5 nm) and red (632.8 nm). For a
schematic representation of the instrument seedigur .

lLase} [Spectrometér
| i

Laser
microscope spectrometer
connection

COMPUTER

R TT —

Piezoelectrit
system

Micro-scanning stage

Fig. 3.7 Schematic representation of the confocal micro-&aspectroscope.

The constituent elements are as follows:

= A video camera provides an optical view of the slaspn a video monitor.

= Excitation laser source: a Y-polarised beam at&32n is generated by a He-Ne laser
with an output power of 18 mW. The laser power \agkd to the sample is
approximately 8 mW and can be attenuated by afsetudral density filters with optical
densities ranging from 0.3 to 4. If the 514.5 nmvelangth is used, the LabRAM
instrument is coupled to an external Spectra — iEhysw-power Af laser (max 200
mW), also with its polarization directed along Y.

= An Olympus microscope, equipped with objectivesnaignification 10x, 50x, 100x with
a numeric aperture of 0.8 or 0.9, allowing us ttaoban estimated beam diameter on the
focus plane of aboutun? (0.856um for A=632.8 and 0.69{@m for A =514 nm)

= The spectrometer: back-scattered light is collecksd the optical objectives and
Rayleigh scattering is filtered by a Super NotchusP! filter. The confocal pinhole
aperture can range from 0 to 1506 so that the axial resolution (i.e. the diffusing
volume at the focus point) can be tuffefBrémard C. et al., 1985]The holographic
diffraction grating with 1800 g/mm allows the redimrg of a spectrum. In this case the
spectral window recorded is 1000 ¢wide with a spectral resolution of 4 ¢m

= The LabRAM is equipped with a front-illuminated dig-nitrogen-cooled charge-
coupled device (CC Spex) detector (2048 x 512 p)xel

Spectral calibration is performed with the silidzend at 520+0.5 cm

The LabRAM HR UV uses the same geometry and priechut there are some peculiarities
due to using a different wavelength. The excitagoarce is a solid-state Nd:Yag laser whose
frequency is doubled twice so thai=266 nm and the output power is 230 mW. UV beams
have a low penetration pathlength in the majorftynaterials (10 +19nm) so that the probed
sample volume can be greatly reduced and the idtbom more surface-specific. The

%5 The axial resolution along z axis can be signiftbareduced in the case of an absorbing sample.
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working confocal hole (1Qfm) gives a measured spot at the surface of thelsashd.7um
with a 40x, NA=0.50 objective. The highest latemdolution achievable is <On with a
100x, NA=0.9 objective . This is not the case for many materials whichteaasparent to
light in the visible range. The Raman signal is bired when exciting in the UV range,
because it is proportional 1@ (see equation 3.5). The photon energy itself calude an
amplification process because the frequency oextutation light is near to the frequency of
electronic transitions. As a consequence pre-resmnar resonance phenomena can appear
and enhance the intensity of the Raman signal mesarders of magnitude.

A long focal length inside the spectrometer (8018 coupled with gratings of high groove
density (2400 g/mm) can lead to a spectral resoiutf 1.5 crit. Rayleigh scattering is
eliminated by edge filters, so that the minimum Rarshift that can be detected is 350°cm
All of these characteristics are promising for tletection of surface species such as organics
deposited on NacCl or thin layers.

Unfortunately, all the attempts to detect the fathagid coating by UV Raman
microspectrometry failed. Indeed, the use of low@olaser excitation of the sample such
that a suitable signal/noise ratio would be obwhingtill leads to severe damage of the
sensitive thin organic coating. In addition, thepested advantages of UV Raman
microspectrometry to detect NalMOnicrocrystal on a NaCl surface are hampered by
photochemical conversion of NaN@ NaNQ by UV radiation. No further investigation was
carried out in this way throughout this work. loshd be noted that the UV photochemical
reaction of NaN@does not occur in the troposphere but is effedtivbe stratosphere.

The confocal Raman mapping was carried out dirdatlthe laboratory atmosphere with a
measured RH of around 45% and a controlled temyreraf 293+2 K.

The computer controlled Raman (XYZ) mapping cossist recording many spectra in a
point-by-point XY scanning mode with 0.1 pm as aaimum step thanks to a motorized
translation stage controlled by the prograabspec v@2. With a focus diameter on the
sample of between 0.5 anduin at the given working wavelengths results in thaitg to
have a reasonable XY resolution ofirh®.

The system is equipped with a piezo translator if(@etion) and feedback loop to
automatically obtain perfect laser focus on théasar in the case of severe surface roughness.

Accumulation and spectrum acquisition time are roj#ted differently depending on the
analysis. The scanning Raman mapping generateeedimensional data set (m x
that is, m x n spectra, each containing 2040 spectral elements. So, eathpixel is a
microzone of the sample for which a complete charstic Raman spectrum can be
recorded.

The conventional data processing of Raman imagingheé following: a narrow spectral
region corresponding to a characteristic Raman lwdral compound of interest is selected
from the entire recorded spectral range. Thenjritegration of the area under this peak over
all of the m x n spectra gives an estimation ofredative concentration of the compound of
interest in each ij pixel and provides a (mxn) Rarimage of the compound of interest (see
fig. 3.8).

™ Measured and not estimated vales.
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A, A

Raw Data Cube Raman maps
I=f(x,y,\)

Fig. 3.8 Schematic process of Raman imaging data process.

3.4.2 Tapping-mode Atomic Force Microscopy (TM-AFM)

Atomic force microscopy is a technique allowingessto surface morphological information
as it is sensitive to surface roughness which carediimated with high spatial resolution,
especially in z. This technique is based on thegle that attractive or repulsive forces exist
at the atomic level between the sample and theipgadlp, as shown in fig. 3.9.

g

cortact *

repulsive force

dist.
\ aLlra-ciiie force

non-conkact

L R R R =

Fig. 3.9Force vs distance tip-sample from Lennard-Jonest&n. AFM can be designed to operate in either of
the two regimes indicated by heavy lines.

The main goal is then to detect forces in the rat@fe— 10° Newton. This can be achieved
by placing a nanometre-size tip (surface force @yamn a cantilever, whose movements can
be detected via deflection of a laser beam. Thdileaer displacements over the sampling
surface have to be nm-scale precise, thus use ppézpelectric system is necessary (see
fig.3.10).

The whole system requires a synergy of techniaaiyplex devices and was only invented
in 1986 by Quate and Gerber building on the worksefd Binnig and Heinrich Rohrer who
developed STM in the early ‘80s, work which eartieeim the Nobel Prize for Physics in
1986. As a surface technique AFM has several adgast AFM provides a true three-
dimensional surface profile and samples do not ireqany special treatment (such as
metal/carbon coatings) that would irreversibly ap@ror damage the sample. In addition,
AFM can work perfectly well in ambient air or evena liquid environment. In principle,
AFM can provide higher resolution than a scannilegteon microscope (SEM). It has been
shown to give true atomic resolution in ultra-higacuum (UHV) and, more recently, in
liquid environments. High resolution AFM is compaleain resolution to Scanning Tunneling
Microscopy and Transmission Electron Microscopy.

61
© 2010 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Sara Scolaro, Lille 1, 2009

Laser

Cantilever

—— L x,

| Piezo electric | ¥

scanner / i
1/ Piezo movement

Fig. 3.10AFM system elements

A disadvantage of AFM compared with SEM is the image. The SEM can image an area
on the order of millimetres by millimetres with apth of field on the order of millimetres.
The AFM can only image a maximum height on the oafemicrometres and a maximum
scanning area of around 150 by 150 micrometres.

The relatively slow rate of scanning during AFM migg often leads to thermal drift in the
image, making AFM microscopy less suited for meaguraccurate distances between
artifacts on the image; however these image distwtinduced by thermodrift can be
eliminated by several methddapshin R. V., 1995]

There are different ways of probing the surfacénwaim AFM instrument. Principally they are
the static and the dynamic modes.

In static mode the cantilever deflection is usedfeasiback signal, and since close to the
surface of the sample attractive forces can beesgirong, causing the tip to 'snap-in' to the
surface, static mode AFM is almost always done ontact where the overall force is
repulsive. Consequently, this technique is typjcallled “contact mode”. In contact mode,
the force between the tip and the surface is kepstant during scanning by maintaining a
constant deflection.

In the dynamic mode, the cantilever is externaligibated. The oscillation amplitude, phase
and resonance frequency are modified by tip-sanmkraction forces; these changes in
oscillation with respect to the external referemseillation provide information about the
sample's characteristics. Schemes for dynamic mpdgation include frequency modulation
and the more common amplitude modulation. In amdit modulation, changes in the
oscillation amplitude or phase provide the feedbadmal for imaging. In amplitude
modulation, changes in the phase of oscillationlmmnised to discriminate between different
types of materials on the surface. Amplitude maihacan be operated either in the non-
contact or in the intermittent contact regime. inbéent conditions, most samples develop a
liquid meniscus layer. Because of this, keepingdiabe tip close enough to the sample for
short-range forces to become detectable whilstgmtavg the tip from sticking to the surface
presents a major hurdle for the non-contact dynamade in ambient conditions. In dynamic
contact mode (also called intermittent contactapptng mode) the cantilever is oscillated
such that the separation distance between thelasetitip and the sample surface is
modulated.

In tapping modethe cantilever is driven to oscillate up and doatnnear its resonance
frequency by a small piezoelectric element mouimettie AFM tip holder. The amplitude of
this oscillation is greater than 10 nm, typical§0lto 200 nm. Due to the interaction of forces
acting on the cantilever when the tip comes clas¢he surface, Van der Waals force or
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dipole-dipole interactions, electrostatic forcets, eause the amplitude of this oscillation to
decrease as the tip gets closer to the sample.ldctr@nic servo uses the piezoelectric
actuator to control the height of the cantileveo\abthe sample. The servo adjusts the height
to maintain a set cantilever oscillation amplit@dethe cantilever is scanned over the sample.
A Tapping AFMimage is therefore produced by imaging the forcthe oscillating contacts

of the tip with the sample surface. This is an ioy@ment on conventional contact AFM, in
which the cantilever just drags across the surbdosonstant force and can result in surface
damage. Tapping mode is gentle enough even farisikalization of supported lipid layers or
adsorbed single polymer molecules under liquid oradi

The topographic images presented in this work \eetgiired with a home-made atomic force
microscope (J. Barbillat, LASIR) using electrocheatly generated gold tips. Gold tips with
diameters down to 30 nm are attached to the ermhefprong of a quartz tuning fork (32
kHz) and move perpendicularly to the sample (tagpiode) with an amplitude of a few nm.
The distance between the very end of the tip aedsmple is maintained constant with a
feed-back loop including a lock-in amplifier (SigriRecovery 7280) which drives the tuning
fork and senses its vibration and the Z piezo etgr(fdanoblock Melles Griot) which moves
the sample vertically. Raw data are further treateth Gwyddion 2.9 (Open Source
software) to obtain useable topographic imageschematic view of the instrument is shown

in fig 3.11:
Tuning
Fork \
A, <10 nm l I N 0
GoIdTlp——> 17y, Amplitie
/ Feedback loop
Sample . < v Control

PIEZOS

Fig. 3.11Schematic view of the home-made AFM instrumentaiigg in tapping-mode.

The AFM image is a deconvolution of the surfaceaiietand the point shape and interaction,
such that image resolution depends on the sampighness and the quality of the tip.
Typically with the home-made instrument and tipshage a lateral resolution of 20-100 nm.
The axial resolution is dictated by the piezoeleatrystals to 5-20nm and the maximum z
contrast is limited by the electronics and is andider of 4.5um.

Some AFM images have also been recorded duringremigration of AIST-NT® with a
SmartSPM™ 1000 microscope working in true non-atmaode.

Some others have been recorded in the IEMN instatieVilleneuve d’Ascq with the kind
supervision of M. Marczak.

63
© 2010 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Sara Scolaro, Lille 1, 2009

3.5 Heterogeneous reactivity

Heterogeneous chemistry is the study of the ewvalutif the gaseous and/or the condensed
phases when they are come into contact together.

In homogeneous chemical kinetics, there have besmyraxperimental and theoretic studies
performed in order to gain a better understandinthe reactions involved, allowing us in
many cases to elucidate the reaction mechanism.ekeny heterogeneous reactions taking
place at the gas-solid (or gas-liquid) interfacgehbeen less studied and are also are more
complex in contrast to the gas-phase rate proceskih involve elementary reactions
When a gas molecule collides with a solid/liquichgd, it can be taken up by the condensed
phase reversibly or irreversibly. In the first cise molecule is released to the gaseous phase,
in the second it is permanently incorporated. Aipent and representative parameter for the
process that can be unambiguously used by thetd@e@ommunity is the uptake coefficient

or the reaction probability, already describedhr2ct. 1.

In our specific case we will determine both theiahiuptakey, of NO, (and of NO,) on NaCl

and the reaction probability coefficieqpt (from CINO formation).

3.5.1 Experimental methods

Some experimental methods have been developedudyisg gas-solid phase interactions
and for measuring the uptake coefficient. The mesaptinciple is simple: the gaseous phase
is put in contact with a solid phase of known afdege number of gaseous molecules taken up
by the solid/liquid is measured during a known timierval. Generally it is the gas-phase
composition which is followed as a function of tinevertheless, in certain cases the kinetic
study follows the product formation in the condehghase. The two main motivations for
the choice of the second option are here detailed:

a) Technical advantage:

When the gas phase is put in contact with the ingastrface the reagent disappears with
a consequent depletion of its gaseous phase coatentif it is not constantly renewed.
The reaction then proceeds with a constantly dshing rate, since the rate is
proportional to the reagent concentration JAAs a consequence, specific corrections
must be introduced during the data treatment psod®se solution is to work at flux
conditions ([A}, =const) and to detect the solid product formatiwstead of the reagent
disappearance. This is in some cases the eas@zdure.

b) Data correction:
When following the reagent depletion in the reaesystem, the observed uptake rate has
to be corrected for wall absorption that is alwayssent, except for in some particular
cases (i.e. the internally coated flow tube) onfery fast heterogeneous reactions:
If the reaction kinetics are followed by productrf@tion this correction is unnecessary
because the measured rate coefficient is alreaddirect measurement of the
heterogeneous process.

In this section the main experimental methodstierrheasurement gfare shortly described:
flow tube, the Knudsen cell, the in-situ cell comdrd with Diffuse Reflectance Infrared
Fourier Transformed (DRIFT) and the atmosphericutation chamber.

" Elementary reactions are defined as those thatotare broken down into one or more simpler reastio
Generally they consist of one or two reactant sseend are referred to as unimolecular and bimtzecu
processes, respectively.
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Flow tube reactor

a) Internally coated flow tube reactor:

it is a double wall Pyrex reactor of internal didere2.5 cm and 40 cm long (see fig.3.12). Its
constituent parts are a cylindrical tube and areémhovable injector used for trace gas
introduction.

Buffer gas {He)

/ | k5 02000 0 e -
W

Muovahle
imjector

Cooling / Heating
jacket

Fig. 3.12Schematic view of an internally coated flow tubaator [George C. et al., 2003]

The solid phase is deposited on the internal wathe Pyrex tube, which is placed inside the
reactor. By changing the injector position thetaghtime between the solid and the gaseous
phase is varied; the gas phase composition is raanisly followed by using a suitable
analytic technique depending on the gaseous specid®e experimental conditions. Large
pressure (1-760Torr) and temperature ranges catubdeed with such an experimental set-up.
The measured uptake coefficients can vary betw&ératd 10",

Temperature as low as 183K can be reached, bugoliee surface cannot be renewed during
the experiments so that its ageing is a possilper@axental inconvenience.

b) Aerosol flow tube:

An evolution of the internally coated flow tubetinge aerosol flow tube, where the condensed
phase is a flux of aerosol particles, as showigin3t13. This allows the study of reactions on
a condensed phase under conditions more repraseraéthe real atmosphere.

Liquid Sample
Pump L G NI
1 Nebulizer Particle
' Generation TC_’ gas and
particles phase
Electrostatic detection

Classifier
Exhaust
Variable gas-particle T
reaction distance |
——
Carrier gas — R — ¥ ¥ 5 woo- /—[— X 2
Moveable aerosol = i
| Flow-limitin
source injector t | Aerosol Flow Tuha[ capillary 9

Reactive gas

Fig.3.13Schematic aerosol flow tube experimental set-wgptat! from{Hearn J. D. et al., 2005]
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Knudsen cell

This technique has been widely used for 40 yeammdasure gas phase and heterogeneous
kinetics. It is particularly well adapted for wonkj at pressures lower than 10mTorr. In these
particular experimental conditions effects due &s-ghase collisions and diffusion-limited
reactivity are strongly diminished.

Usually the reactor is a cubic stainless steel afefibout 100 crhwhich is internally coated
with a Teflon film to limit wall reactivity.

Inside the cell the condensed phase is put in @keaholder with removable lid allowing the
isolation of the sample from the rest of the c€he gas phase flows inside the cell and is
continuously analysed by a Low Pressure Quadrudalkes Spectrometer. The residence time
of the gas in the cell is tuned by varying the pecaole dimension (1-14 mm). See fig. 3.14
for a schematic diagram of the reactor.

Leak Vave -
1 ‘__."'
I /{ 1

Prassura [j

Transducer i ]

lon Pump

Fig.3.14Knudsen cell of 1500ctrequipped with 4 sample holddd@hnson E. R. et al., 2005]

The kinetic parameters are derived by followingdghs phase composition.

This technique allows the measurements of uptalaficients in the range of 10- 0.1
[Carloz F. et al., 1997]

The main advantage of this experimental set-upeswide range of condensed phases that
can be used — the condensed phase can a liquidy@ep a thin layer, a frozen surface and a
monocrystal. Other important characteristics are e¢Wtended working temperature range
(130-750 K) and then-situ degassing of the sample.

The main disadvantages are the limited use fonapour pressure samples, the ageing of the
condensed phase that cannot be renewed duringktiegiment and the analysis of only the
gaseous phase.

Powder-gas reactor

This method allows thm-situ simultaneous monitoring of the solid and gasedsses put in
contact inside the reactor (see fig.3.15). The diiete technique usually employed is the
Diffuse Reflectance Infrared Fourier TransformedR(BT), but Diffuse Reflectance UV-Vis
Absorption or Raman Scattering can also be used.
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Fig. 3.15Diffuse Reflectance -coupled gas-powder experialesgt-up, adapted frofifogt R. et al., 1994]

The powdered sample is put in the reaction chamtagich, in the case of DRIFT detection,
is located inside a FTIR instrument. A paraboligror focuses the probe beam on the solid
sample and the diffused reflected radiation is $ecliby another parabolic mirror onto the
detector surface.

This method allows the measurements of uptake iceaifs (or more precisely) in the
range of 1d - 10 by monitoring the solid-phase products formation.

Its main advantage is that the diffused reflectadiation contains information on the
absorption of both gaseous and solid phases.

Its main disadvantage is surface ageing, and sormastthe difficulty in estimating the extent
and kinetics of the gas-phase diffusion insidepidered macroscopic sample.

Atmospheric Simulation Chamber

The Atmospheric Simulation Chamber is of all laborga techniques the nearest to real
atmospheric conditions, because the reactivity melus much bigger than in the previously
described reactors: it can range from some liteesnore than 250 P For heterogeneous
reactivity studies an aerosol can be introducegeoerated by photochemical reactions inside
the chamber itself, where the mixture with the gasephase can be monitored in static
conditions, usually with long optical length FTJRreszler Prince A. et al., 2007]Prince A.

P. et al., 2007] MS [Folkers M. et al., 2003pnd UV-Vis spectroscopiiogili P. K. et al.,
2006] techniques. Internal walls are coated with antineaterial to minimise wall loss. In
some cases a particle analyser is coupled to mhelaiion chamber, such that information on
the evolution of particle size distribution andtpe number can also be followed.

The chamber has many different apertures as shoviig.i3.16, to allow pumping and the
insertion of probes to continuously monitor presstemperature and relative humidity.
Uptake coefficients in the range of 46 10* (relatively slow reactions) can be measured
from the evolution of the composition of the gasephase. One of the main problems in this
technique is the difficulty in estimating the ra@aetsurface are&, which is reflected by large
uncertainties in the value of the uptake coeffitien
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Fig. 3.16 A schematic diagram of an atmospheric chambersdf I1[Mogili P. K. et al., 2006]showing the
sample cartridge (A), antechamber valve (V), watdrbler (B), flowmeters (R), relative humidity sers(RH),
FT-IR spectrometer (FT-IR), mirror for external bheam (M), IR detector (MCT), purge boxes for exéérn
beam path (BP), thermocouples (TC), temperature oe(T) and pressure transducers (P).

In tab. 3.2 the experimental characteristics o¥/ijogsly described methods are summarized:
the type of solid surface studied, the accessibteye ofy, the gas-solid contact time, the
working pressure and some important references.

Each of the methods outlined above have specifia@dges and limitations, and choosing
which one is the more suited to a specific reacggatem mainly depends on the initial
reactivity estimation (the range gj and the desired operational conditions (pressinc:
temperature).

For our purpose we need an apparatus allowing tilny of reactivity differences in the
coated/uncoated NaCl+NGystem under pressures and humidities as sinslgroasible to
those of the real troposphere. It is already knfnem the literature that the system has a low
reactivity (=107), and the problem is therefore particularly chaiag.

The techniques able to measure uptake coefficientshis range are the atmospheric
simulation chamber for the large reactive surfasaaised (aerosol) and the Knudsen cell,
even if the latter operates at low pressure.

A home-built[Aghnatios C., 2008ktatic reactor coupled to an FTIR spectrometerbesn
adapted to our specific needs. It is described3rb.
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Method Surface Accessiblg Contact | Working | Some literature
yrange time pressure | references
(Torr)
Internally | Solid film 10*-10" [ 0-10sec | 1-760 |[Thornberry T. et al.
coated flow 2004], [George C. et
tube al., 2005]
Aerosol Aerosol 10*-10" | 0-30sec| 1-760 |[AbbattJ.P.D. etal.,
flow tube particles 1998], [Moise T. et
al., 2000} [Guimbaud
C. etal., 2002]

[Thornton J. A. et al.,
2005], [McNeill V. F.
et al., 2006] [McNeill
V. F. etal., 2007]

Knudsen Powder 10" - 10" | 10-10000| < 10° [Underwood G. M. et

Cell sample  of sec al., 1999]
aerosol [Underwood G. M. et
particles al., 2000]

[Underwood G. M. et
al., 2001} [Li P. et
al., 2002}, [Hoffman
R. C., Gebel, M. E. et
al., 2003b] [Hoffman
R. C., Gebel, M. E. et
al., 2003a] [Hoffman
R. C., Kaleuati, M. A.
et al., 2003]
[Ullerstam M. et al.,
2003], [Johnson E. R.

et al., 2005]
DRIFT Cell | Solid 10%-10° | 40-800 |2-760 [Vogt R. et al., 1994]
surface  of min [Langer S. et al
aerosol 1997], [Yoshitake H.,
particles 2000], [Ullerstam M.

et al., 2003]
Atmospheric| Aerosol 10°-10* | 100 -900 | 760 [Mogili P. K. et al.,
simulation | particles min 2006], [Prince A. P. et
Chamber al., 2007] [Preszler

Prince A. et al., 2007]

Tab 3.2 Table summarising the principle commonly used wdshfor the measurement of reactive uptake in
gas-solid reactions. The surface characteristius,range of accessibie the gas-solid contact time and the
working pressures are reported. In last column s@fezences for the specific techniques are cited.

3.5.2 Experimental set-up for uptake measurements in stat conditions — reactor
optimisation

To detect small changes in the gas phase compogitw heterogeneous reactivity), if it is

not possible to increase the reactive surface &) thgh sensitivity techniques (like Mass
Spectrometry) have to be used. This technique nedals working pressure, thus we have to
deviate from atmospheric conditions, and water vaonot introduced to the system.
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An alternative solution is to increase the reactate by increasing the concentration of the
gaseous reactant, [f]In this case also, the conditions are not atmes@dlly realistic as the
trace gas concentration is too high, and thus tterhas to be paid in order to avoid
immediate surface saturation. This last approachbeen used when designing the home-
made reaction cell.

The experimental system used in this work is acstatictor located inside an FTIR sampling
compartment which allows the continuourssitu, monitoring of the gas-phase composition at
atmospheric pressure and temperature. A schenegtiegentation is shown in fig. 3.17.

With this particular configuration the evolution die gas composition can be followed
without any delay as it avoids the need to trangfersample from the reaction chamber to the
analysis system, e.g. as reported in the work ofeSgSayer R. M. et al., 2003]The
measurement celfa) is in fact the reactor itself. In this static cigoiation there is a
continuous depletion of the reagent in the gaspbase, but it is also possible to monitor the
formation of new gaseous products, which do noagsdrom the closed reaction system and
can therefore accumulate inside it.

Vacuum
um
P ,p Dilution lines
exhaust <€
®
Pressure
—
gauge @

Fig. 3.17Schematic representation of the experimental gdbtuuptake coefficient measurements.

The reactive surface is NaCl tablets placed hotatyon a Teflon plane inside the IR cell.

Two types of cell have been used in this work:

- A Teflon cell of 10 cm length and an internal didemeof 3 cm (V=67 cricalculated
with sample holder inside).

- An glass cell internally coated with inert wax @& @ém length and a diameter of 4 cm
(V=135=+1 cni from weight and volumetric measurements)

Both are equipped with Ge windows, chosen for béregleast reactive material in presence

of NO,/H,O of all the IR transparent windows. The optimisatiof the reaction cell for

heterogeneous uptake measurements is describearéndatail in chapter 6.

There are two inlets in the upper part of the tekllow the entrance and exit of the gas flux

through two Teflon lines, both fitted with a valieeallow them to be closed.

The cell is equipped with a pressure transducealdapof reading total pressure values from

the order of bars down to t®ar.

This configuration permits the isolation of theldet experiments in static conditions.

A Humidity and Temperature transmitter HMT334 VAISA (precision RH=0-90% +2%;
RH=90-100% +3%) is placed inside a glass cell tghowhich the gas mixture can flow. This
glass cell can be bypasséd if a corrosive gas is used, e.g. N& high concentration and
high humidity, to prevent damage to the probe.
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A vacuum pump is used to check the seal of the exted gas lines and cell. Together with
nitrogen purge cycles (10 minutes of pump and Ifutes of purge), this assures the cleaning
of the whole apparatus.

The gaseous phase is prepared by the controllethgnof flows from three different lines
(shown in different colours in fig.3.17) carrying:

Dry N (in black),

N, saturated with water vapour (in blue),

NO, diluted in He or M (in red).

Mass flow controllergc) (Mykrolis type FC 100SCCM, 1SLPM and 2SLPM He; aryl
General type FC 1SLPM He) are used to dilute tlaetree NQ as desired, and to vary the
relative humidity of the gas mixture. Humidity \ation is possible by changing the ratio of
dry/saturated Nflows whilst keeping the total flow of the carrigitrogen gas constant.

After calibration of the mass flow controllers, aokvn gas flow can be set for every line by
setting a certain voltage on the contro(le.

Calibration with N gives a linear dependence of flow’ @mL/min] under standard
conditions of pressure and temperatuge=7/80 Torr; 5T=273 K) over the set voltage [V]:
(3.12) d=a-V+b

The N flow through a flow mass controller set to voltagé€at the working T and P) is then
calculated using coefficients a and b from equaBidr2:

(3.13) Q= (aDV+b)E_%%E:

If the gas used is different from the one usedHercalibration, a correction coefficient ¢ has
to be applied (see tab.3.3).

correction factor ¢
calibration gas NegHe 1% NQ/N, 5%
N> 1.4025 0.9833
He 0.9912 0.6949

Tab. 3.3 Correction coefficients ¢ for calculating the daxes Q if the flowing gas is different from thag
used for the mass flow controller calibration.

The gases are supplied from commercial gas cyln@rand (f), whose specifications are
described in §83.1.2.

To obtain a specific relative humidity, voltagesta flow mass controller of Nand HO/N,
are choseniz

QHZO/NZ

(3.14) %RH =100 2"
TOT
Qrot is 1000 mL/min in our experiments.

NO, concentration in the gas mixture is initially adkted by volumetric dilution, but a more
accurate estimation is given by the IR absorptipecsum which is calibrated by adding a
known quantity of dry N@to the used gas cell (see appendix A for moreldeta
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The Fourier transform infrared spectrometer usedhf® gas-phase analysis is an Avatar 360
E.S.P. (Thermo Nicolet) with the following elements

EverGlo IR source
KBr beam splitter
DTGS detector

He-Ne laser alignment
Ge windows

The spectra are taken with a 4 tspectral resolution and 16 or 32 scans are average
spectrum acquisition. These parameters allow @allmv the NG IR signal evolution during
the experiment and to identify new gaseous spetithsa good S/N and an acquisition time
per spectrum of 19 or 30 seconds.

Experimental protocol:

The prepared NaCl tablets are horizontally aligoeer the Teflon sample holder and located
inside the IR cell. The cell is then emptied of deddory air by 3 cycles of vacuum
pumping/N purging of 10 minutes each. The cell, filled walty nitrogen, is then isolated.

A known mixture of dry and saturated nitrogen dosvéd through the RH probe glass cell.
The gas pressure and temperature are recorded.@ftemutes. The humidified nitrogen flux
is then sent into the cell and left to flow for Z¥bnutes. The IR cell is isolated again and the
RH probe bypassed throu¢h).

The NQ is then added and;Ns reduced by the same amount so as to keep kgvee
humidity of the gas mixture constant. After 10 mesiof premixing the flow is sent into the
IR cell and an automatic IR spectra collection pthoe is started. The background spectrum
is recorded immediately before the reactive gaeig to the IR cell. The cell is isolated again
after 30s and its pressure recorded. By compahagas flow and the cell volume, it can be
shown that the gas originally present in the IR iselotally replaced by the reactive mixture
within this time. Spectra are collected over lhiofe and the kinetics of the heterogeneous
process are thereby studied under static conditions

3.6 Quantification of formed nitrate

The IR spectrum of the NaNGormed on the NaCl tablets is recorded immediatdtgr
exposure to the reactive gas mixture. The recomlgdal can be used for a qualitative
analysis of the product formed on the surface amdah estimation of the NaNGQormed.
Spectra are recorded for every tablet with the sanstrument used for the Kkinetic
measurements. The acquisition parameters are a'4esolution and 64 scans/spectrum. An
example of a typical IR spectrum is reported inJig8.

NaCl has a fcc centered cubic cell with &, (OI) space group. Translation modes,fre
IR active in the far IR region ~ 200¢m

NaNQO; crystal has an ordered structure at room temperatth two formula units per unit
cell and R3.(D%,) space group. The NOons are located onJBites and the Ndons on $
sites. Consequently, five Raman-active modes apea&d, three of which are nitrate ion
internal modes; (A19),V 3 (Eg) andv 4 (EQ), the other two being Eg lattice oscillations.

It is well established that a nitrate ion is chégazed by four fundamental vibrational modes,
reported in tab 3.4.
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Vi (A'1) 1050 cn' symmetric stretching| Raman
Vo (A”)) 831 cni' out of plane bending| IR
vz (E) 1390 cnt' asymmetric stretching IR
Vs (E) 720 cmt in plane bending Raman

Tab. 3.4Fundamental vibrational modes of the Nion of Dy, symmetry.

For quantitative applications of IR spectroscopyneed to measure the intensity of a suitable
peak which is proportional to concentration (frdme Beer-Lambert law). It is the limitation
of reproducibility (usually within £ 5%) that geradlly restricts IR spectra to semi-quantitative
use. We tried to estimate a w/w% of N®@n the tablets as far as possible within this
limitation.

The IR signal chosen is the intensity of #g band at 835 cthbecause it is very sharp, not
sensitive to water content (no broadening due égptiesence of hydrated forms of the nitrate
ion) and behaves linearly over a wide concentratamge. The possibility of measuring other
peak areas or intensities, (in particular the mBréntense Eu transition), has been explored,
but the chosen parameter is the most suitable.

76 v3 asymmetric stretching

0,16
014
012

0,10-

Absorbance

0,08

0,06-

002
3000 200 2000 1500
Wavenumbers (cm-1)

Fig. 3.18FTIR spectrum of a NaNgNO, tablet with band assignation.

A calibration curve is obtained by preparing mixBACIl/NaNQ tablets with different
quantities of nitrate (0.01-20%) and measuringrthiispectrum.

The tablets are prepared by separately grinding saedng (<80um) NaCl and NaN@
powders. The two powdered salts are used to prapartires of the powders weighing
1000mg and containing different % of NapO

The nitrate percentage in the mixture is calculaisd

(mNaNo3 [ purityNaNOs)

m NaNO3 +m NaCl

(315) %m(NaNQ) =

Where m is the mass of NaN©Or NaCl.
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From each of these mixture 3 tablets of 150 mgpaepared in the same conditions as
reported in ch. 3.2.1. The whole procedure is rieggkt verify the reproducibility.

After being stored at 383 K for at least 1h, thBiispectra are recorded.

Each of the points in fig. 3.19 is the averageh& IR signal intensity measured for every
tablet at 835 ci, corrected by a linear baseline in the range 92i6- 788.8 cnt. Here we
report only the range of %nitrate most pertinent fieeasuring the experimental values
obtained in our experiments.

Nitrate calibration curve y = 0.1464x
R’ =0.9978
0,06
0,05 //f
. 0,04
e
o
& 0,034
0 /
®
— 0,02+
0,01
0 T T T

0,000 0,050 0,100 0,150 0,200 0,250 0,300 0,350 0,400

% NO3 masse

Fig. 3.19Nitrate calibration curve in the range 0.01-0.4 %N
The equation obtained from this calibration is then

(3.16) | = (0.146 0.002) (%M .0

83scm™?

which allows the estimation of th#m,,,.) of the formed nitrate and the error associated

with it.
The measured intensity of a samﬂ)gg&m_l is the average of the intensities at 835 afithe
8 tablets exposed at the same time in that expatina@d ; is the standard deviation

associated with that average value.
The %my.y0,) €stimation and error are then described by (2had)(3.17b):

(3.17) %M (ano,) = | gagerys /0-146
8] 4
(3.17D) Eatmiumicy = 7O Nan0) EET—SC * 0-0015J
835cm™
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Chapter 4 - The uncoated surface: the effect afiv
humidity on the NaCI/N@system
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4. The uncoated surface: the effect of relative humiity on the
NaCIl/NO, system

In chapter 2.1 the main properties of the NaCl(1f0face were presented from theoretical
and experimental observations reported in prewoork.

In the first part of this chapter we mainly focus the effect of atmospheric humidity on the
pure NaCl(100) surface, which is used as a modehtrine aerosol. The effects are studied
using AFM measurements and comparison to the dukreawledge in the literature.

In the second part NaCI(100) is put in contact wité polluting species NQunder different
conditions of humidity. After reaction the surfac® observed with AFM and Raman
microspectrometry and imaging. The resulting imagresused in combination to understand
the surface modification and the reorganisatiothefformed nitrate on the surface.
Micro-Raman analyses are also performed on thesexpblaCl pellets, which are constituted
of sintered micro-crystals. The small effect ohigrborders is assessed and validates the use
of these substrates for the kinetic studies.

4.1 NaCl(100) in a dry and humid atmospheres

NaCl(100) surfaces obtained from cut and mechdgigalished monocrystals are analysed
through non-contact AFM operated in tapping mode (h.3.4.2). The native surface status
of this (100) face is then determined under lalmyyattmosphere conditions (RH=45+10%,
T=298+2K) before any other chemical or physicahtneent occurs.

The optical microscope shows the presence of srfimmage due to the mechanical
polishing by detecting parallel rays scratching sheface. AFM images give some additional
information about the depth and width of thesefiarily created surface defects. In fig.4.1
we report an example of au® x 3um surface area scan in which deep scratches are
observed. An example of a vertical profile is ateported in fig. 4.2, from which we can
measure the depth and width of the scratches @ppeoximately 10 to 15 nm and Q4n
respectively. These values are consistent witlpttishing history of the surface. The rest of
the surface is flat and within the instrumentalseo{+3 nm) and no other particular features
can be observed. Smaller morphological detailse ltke presence of monoatomic or
multiatomic steps (observed i.e.[Dai Q. et al., 1997]in the scale of 0.5 to 5 nm), cannot be
detected.

44 nm

0nm

Fig. 4.1 NaCl(100) mechanically polished crystal surfagem3x 3um AFM image: 2D an 3D surface
reconstruction.
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Fig. 4.2Profile of the NaCI(100) portion of surface presehin fig. 4.1

From previous worfVerdaguer A. et al., 2008jhe NaCl(100) surface displays ion mobility
at the step edges when RH<35-40% because of alosedier in these defective zones of the
surface. Hydration of surface ions weakens ioniadogtrength to the point where they
become mobile.

With increasing humidity, there is a substantiamie on the superficial ion mobility caused
by the formation of at least one monolayer of abdedrwater on the hygroscopic surface
[Peters S. J. et al., 1997]Foster M. C. et al., 2000]The main consequence of this is the
beginning of large scale modifications of the scefastep structur@Dai Q. et al., 1997]
[Verdaguer A. et al., 2008]The steps and terraces evolve more rapidly where mvater
vapour is present because of a progressively highesunt of dissolved surface ions that
diffuse from zones with excess energy (i.e. accatan of defects due to the cleavage, the
polishing treatment, etc) to a lower energy surfemefiguration. An abrupt change finally
happens when the DRH point is reached (~75% RH)prapanied by a total dissolution of
the surface.

We are also interested in investigating the surfadbis extreme case of reconstruction after
the total dissolution of the top-most layers. A Nainocrystal is cleaved along the (100)
plane and is subsequently exposed to a highly hatmuwsphere (RH=80%) for 30 minutes.
Once dried under a nitrogen flux it is returnedh® laboratory ambient humidity (~45%) and
the surface is scanned with the AFM.

The ion mobility reaches a maximum at the DRH st their diffusion is facilitated. This
allows the surface to relieve the stress energyraatated at the cleavage steps. The surface
changes are then similar to the ones due to araing@rocess, because the high mobility of
the ions drives towards the lower-energy surfaciehvis the (100). The reconstructed surface
indeed shows large terraces, as reported ynax6um image in fig. 4.3. No other particular
structures or features are observed within theerleigel.

© 30 nm

Yo 5,0 Hm
# 6,0 pm

Fig. 4.3NacCl crystal (100) surfaceuén x um AFM image after exposure to RH=80% followed bying to
RH=0%: 3D reconstruction.
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In [Dai Q. et al., 1997]the authors report that large multiatomic stepgimating from the
monocrystal cleavage disappeared after a simiatrirent in humid conditions, leading to a
flat surface where only monoatomic steps where weseg(fig. 4.4).

Fig. 4.4 A contact AFM image (@m x 2um) taken on NaCl(100) after surface complete diggm and
subsequent drying at RH=20%. Only monoatomic stép8.4 nm are observed. Image taken fii@ai Q. et
al., 1997]

Indeed “this surface is much closer to the equiuitor structure of the salt crystal, since the
strain energy stored in the cleavage steps is &thedf in the dissolution process”. They
also make clear that “the terrace width of the st®ps depends on the rate of drying” but
they did not go into further detail.

The quite rapid change of humidity, passing fron%8® 0% in some seconds, leads to a
surface which is, from a macroscopic point of viéwzen in a sort of vitreous morphology.
The macroscopic crystal borders (lcm x 1lcm) areeaddrounded and instead of well
delimited terraces the optical microscope showsiaoshed surface. These observations are
coherent with the presence of the distribution ohoatomic steps on the surface which give
a fine structure at a sub-microscopic level, budtthppears like a continuum at our
observation scale. We are only able to see wherdnypothetic monoatomic steps are more
dense by detecting a slope on an otherwise peyfédatisurface. As with thiDai Q. et al.,
1997] study we did not study this in further detail, egtto observe that there is a substantial
surface reorganisation after its total dissolution.

4.2 NaCl(100) exposed to N@at different humidities [Scolaro S. et al., 2009]

When NacCl is put in contact with NGt is well established that on the solid phase NaN
crystals are formed. It is useful at this pointrécall some elements of spectroscopy and
hygroscopicity that are important to correctly npiet the experimental results, before they
are presented and discussed.

4.2.1 Raman spectra and hygroscopic properties of the gdireagent and products

The Raman spectra can be interpreted by takingaotount their vibrational spectroscopy
characteristics:

NaCl has a fcc cell with §3, (OF) space group. No fundamental Raman bands are
expected and the translation modeg)(Bre IR active in the far IR region ~ 200¢m
NaNO; crystal has an ordered structure at room temperatith two formula units per unit

cell and R_BC(DS(,) space group. The NQOons are located onJ3ites and the N&dons on §
sites.
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Fig. 4.5Schematic representation of NajN@ystalline structure and single crystal shape.

Nitrate ions have a triangular shape which causesdpeating units in NaN@o distort from
a cube-like shape (as in the case of NaCl) to mbotedron (see figure 4.5).

It is well established that a nitrate ion is ch&edased by four fundamental vibrational modes,
as reported in tab 4.1:

vi (A7) 1050 cn' symmetric stretching| Raman active

Vo (A7) 831 cni' out of plane bending| IR active

vs (E") 1390 cnt' asymmetric stretching Raman and IR active
vs (E) 720cm’ in plane bending Raman and IR active

Tab 4.1 Fundamental vibration modes of the isolated;sN@h of Ds, symmetry.

As a consequence of the allocation of the anionthéncrystalline structure, five Raman-
active fundamental modes are expected (summarizedbi4.2), three of which are nitrate

ions internal modes; (A19), v 3 (EQ) andv 4 (EQ), the other two being Eg lattice oscillations,
as represented in fig. 4.6.

A1 (V1) 1068 cnt symmetric stretching| Nfion internal mode
Eg (a) 1385 cnt asymmetric stretching NQOion internal mode
Eg (V4) 724 cmt' in plane bending N©ion internal mode
Eg 185 cnit libration lattice oscillation
Eg 98 cnit translation lattice oscillation

Tab 4.2 Fundamental Raman vibration modes of the;N@» in the ng space group symmetry.

{6}
Fig. 4.6 Schematic representation of the Eg modes in aitratstals: libration (a) and translation (b) (takeom
[Rousseau D. L. et al., 1968]

(a)
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Crystals are typically rhombohedral plates. Thacaptaxis of the crystal extends from one
corner of the rhombohedron to the body-diagonafipasite corner, and thus has three-fold
symmetry about the optical axis. The Raman scagefiom crystalline NaN© has been
observed in all polarization orientatiofiusseau D. L. et al., 1968]

For example, the 1068 ¢imband intensity has relative magnitudeogg = ay,” ~10 0z, of
the Raman tensor of thedvibration.

The 185 cm' band intensity has relative magnitudeng$ ~10 a7, ax’ = ayy” = 0xy° ~ O of
the Raman tensor of the Eg vibration being studied.

The small residual intensity is ascribed primatiby the birefringent nature of crystalline
NaNGs. Thus, polarized confocal Raman spectra can meffeiecting orientation changes if
they occur during an experiment.

Fig. 4.7 shows a typical Raman spectrum of a poedi®&aNQ sample, where the small
crystals are oriented in all directions generatinganisotropic environment. We can observe
all the previously described Raman transitions thed relative intensities with the exception
of the lattice translation at 98 €nbecause of the cut-off imposed to eliminate theitation
wavelength. Also free nitrate signature is detdetalb 1045cnt, indicating the presence of a
small quantity of deliquescent nitrate.

1067.7

Intensity (cnt)
?

P—-=<—1385.1

|C> 1 I\I) 1
%&183.7
—<—724.4
t=—1045.2

I I | |
500 1000 1500 2000

Raman Shift (ciif)

Fig. 4.7Raman spectrum of a powdered Na@mple excited at 632.8nm

We also need to remember the importance of RH enhygroscopic properties of the
NaNGOsy/NaCl system.

Though many researchers have studied phase toarssibf sodium nitrate particles, there is
no agreement on their hygroscopic properfiesX.-H. et al., 2006] We have to remember
that the deliquescence process strongly depenttseguarticle size and, from recent evidence,
also on their morphology. An example is shown g 4.8, taken fronfLi X.-H. et al., 2006]

of two NaNQ crystals with different morphologies which are dgjped on quartz and
followed by optical microscope as long as RH insesa

While the rhombohedral crystal abruptly deliqguesaefRH 86-93%, the maple leaf shape
crystal starts to take up water below RH 69% andpetely dissolves at RH=87%.
Deliquescence is a surface process involving waa@our condensing on the surface and
starting to dissolve the salt. Until a certain gatf H,O molecules/salt units is reached
(indicated by the thermodynamics of the solvatioocpss), the deliquescence process is not
completed and aqueous and solid phases can cpexigj I. N. et al., 1995]
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Fig. 4.8 Morphological changes of solid NaN@articles with(a) rhombohedral shape afio) maple leaf shape
in the deliquescence process (taken ffbnX.-H. et al., 2006].

When looked at in this way it is also easy to ustéerd, for example, why smaller droplets
exist in the liquid state at much lower RH thandeig droplets. Also the efflorescence
process, when a supersaturated droplet is prasagayerned by this solute/solvent ratio.

For this same reason also the DRH of salt mixtwas be different from the single
components hygroscopic behaviour. In the specdgecof NaN@NaCl, mixed particles of
6-8um diameter form a drop at 68% RH (298K) insteactothe 75.5% of the single bulk
component$Tang I. N. et al., 1994]

The DRH does not depend on the initial dry-salt position, but it is only governed by the
water activity at the eutectic composition (fig9¥.At 298K it is of approximately 33%wt
NaNG; and 12%wt NaCl (the remaining 55% is water).

20— ————— 77

Wwite: NaCl

Wi% NaNO,

Fig. 4.9Solubility diagram for the NaCl - NaNOH,O system, fronfiTang I. N. et al., 1994]

The deliguescence state of nitrate can be checkd®laman spectroscopy, because of some
important changes in the position of theband that can tune from the 1048 twf free
nitrate (in solution) to the 1068 ¢hof the nitrate in a crystalline environment (sadizte),
passing through some intermediate supersaturatiedioso where some structures, called
coupled ion pairs (CIP) absorb typically at 1052 qsee fig.4.10).
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Fig. 4.10Raman spectra of the NaN@roplets at various RH in the efflorescence prec&be top one is the
Raman spectrum of a 1.0 M NaRl€blution. Taken fronfLi X.-H. et al., 2006]

From this spectra we can observe that during tfereécence process some characteristics
typical of a solution (CIR/; absorption band at 1052 &jnremain until RH=62% and that
some adsorbed water-OH at 3488crit) is always detected.

When interpreting the data we have then to remeithigeeffects of the size and composition
on the hygroscopic properties of NaCI/NajNO

4.2.2 Experimental conditions

The cut and polished monocrystal slabs of NaCl exposed to N@ inside the reactor
described in ch.3.5.2 after pump and purge cyclgs dry N,. In the absence of high
temperature pre-treatment some strongly surfaceraeld water will always be present on the
surface, and particularly on defective sites.

The gas-phase concentration of the reactive N&d is 8x 10" molec/cni and the RH is
tuned from O to 80%. The salt crystals, after 3@utes of static exposure to M@re purged
with dry nitrogen for 2 minutes to quench the react They are then immediately transferred
into a closed glass Petri box to prevent any eatecontamination of the surface. The
samples are kept in laboratory conditions of temapee and humidity, which are
approximately 45£10% and 298+2K.

The morphology (AFM) and chemical mapping (Ramaoraspectrometry with an excitation
wavelength of 632 nm) analyses are performed atréabry humidity and temperature. In
these conditions, as seen in section 4.1, the curdtep structures are thought to slowly
evolve over a period of few hours, the time of dloguisition of an AFM op-Raman image.
When a monolayer of water covers the (100) plané&Na€l (for RH>35%) Clions are
displaced at a very low energetic cost from theystal lattice position towards the plane of
water moleculeg$Cabrera-Sanfelix P. et al., 2007]In this way they leave some vacancies
that can be occupied by NGons which can also migrate over the surface. c@ations
suggest that the nitrate species interact at tB€s#eficiencies in an orientation in which the
ion is parallel to the surfacZangmeister C. D. et al.,, 2001] Because of the already
mentioned mismatch between the dimensions o&d@ NQ' ions, nitrates have the tendency
to agglomerate together and crystallise, so thallstrystalline structures of NaNGtart to
form after some surface ageing. This processsis pbssible in the absence of superficial
water but it is very slow: nitrates systematicalhdergo a change in orientation from parallel
to the surface to a perfect vertical orientationaase of the changing crystalline field force
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due to other nitrate present in their neighbourlsood certain degree of surface ageing has
therefore to be taken into account during the dda&pretation.

The obtained information about the NajN®@hich is formed from the NaCl(100) surface
reaction with NQ are reported in the following paragraphs. Theeexpental observations
are ordered by increasing values of the imposedRHe reactive gas mixture.

4.2.3 RH=0%

The NaCl slab is exposed to a dry gas mixture coinig the reactive species NOEven if

no moisture is present in the gaseous phase, satee elusters are distributed on the surface,
especially on defective sites. The surface is aealyimmediately after reaction with the
optical microscope. The surface aspect, seen with obptical microscope (100x
magnification), is similar to the non-reacted orery weak solid nitrate Raman peaks are
recorded only along the polishing scratches coomrdimg to some spots of less thamril
diameter. In fig. 4.11 we report as an exampleopincal and a Raman image, which are
obtained from the integration of thesband of nitrate (1068 ch). One pixel of the Raman
image corresponds to im* and the grey scale indicates the presence oftaiira the
white/grey pixels. The scanned portion of the atefcontains an area of marked surface
polishing damage.
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Fig. 4.11100x optical & and Ramank() images of NaCI(100) immediately after reactiottmilO, at RH=0%.

Morphological images obtained by AFM show the pneseon the surface of grains of 163nm
mean size, especially along the superficial scestcfi.e. a 6x6um image is reported in
fig.4.12).

The surface adsorbed water clusters, mainly lasdlialong the polishing defects, can
facilitate on one hand the surface reorganisatibichvis at the origin of the quite regular
rhombohedral crystals and on the other hand theyfaailitate NQ reactivity inducing its
possible hydrolysis to the more reactive HNO
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Fig. 4.126x6um AFM 2D surface reconstruction image of Naj\®dystals formed on NaCl after reaction with
NO, at RH=0%.

The surface status is checked continuously fory$ eath the AFM and no change is detected
on it.

We left a crystal, previously exposed for 1h to JN@geing for 20 days in laboratory

conditions to check surface reconstruction at lorigees. At this state of ageing we can
observe the progressive formation on the surfaakenfirimeric structures (fig. 4.13a) mainly

driven towards the position of the surface defedige can clearly see a migration in progress
on the surface and the coalescence of smalleratsysito bigger ones, as clarified in fig.

4.13b.

@ - (b)
' 40um J 20um

k : 4

Fig. 4.130ptical images of NaCl(100) exposed for 1h to,NMDRH=0%; ageing of 20 days in room atmosphere
conditions. In(a) the formation of dendrimeric structure is evidantl in(b) the coalescence of smaller crystals
into a bigger crystal of rhombohedral shape is show

We would like to give here another example of stefageing and nitrate reorganisation to
check if there is an effect of higher surface m&raoverage on its evolution. A NaCl
monocrystal is exposed to N@or 15h. Immediately after reaction we can alseadtice,
from the Raman microspectrometry, sub-micrometiicate crystals along the polishing
defects. By following the surface ageing we caseobe a strong nitrate reorganisation
leading to the formation of big NaNOregular shaped rhombohedral crystals. This
phenomenon is consistent with a slow crystallisatiwithout constraint from a nitrate
solution: there is enough surface adsorbed watedissolve the initially formed sub-
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micrometric nitrate crystals and to make them cxdeand reorganise into a well-ordered
rhombohedral crystal, as presented in fig. 4.14.

b)

Fig. 4.14 NaCl(100) exposed to NQRH=0%) after 5 days of ageing at RH>45%. (&) the optical image
(transmission mode), ifib) the Raman image of solid nitrate, (&) the Raman image of the liquid nitrate.

It is interesting to note that on the crystal, neathe solid nitrate Raman signal at 1068
cm™* (whose integration gives the Raman image in biufigi 4.14b), also some liquid nitrate
is present (Raman peak at 1052'¢miving the reconstructed red image in fig. 4.14c)

This observation is consistent with previous wgdafgmeister C. D. et al., 2001Vogt R.

et al., 1994) where the 1052 cthband is observed even after 12h of dry air flovtigh the
powdered NaCl sample exposed to HINOConcluding: even if we are far below the
deliquescent point, we can detect the coexistehselm and dissolved nitrate. The presence
of NaNG; solution induces an ordered reorganisation ofstdesurface resulting, after some
ageing, in rhombohedral shaped nitrate crystals. higher surface covering of nitrate
accelerates this process.

4.2.4 RH=15%

By introducing some water vapour in the reactive-phase we expect an increase in the
conversion of superficial Clto NGO;. In parallel we expect, from the observations of
experiments at RH=0%, that a certain degree ofasarfreorganisation already occurs
concomitantly to the heterogeneous reaction.

Immediately after reaction (1h of gas-solid cont#ioe surface is covered by sub-micrometric
deposits mainly concentrated along the polishindeats, as depicted in the optical

microscope image of fig.4.15.
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Fig. 4.150ptical (100x) microscope image of NaCl exposeN@® at RH=15%.

The morphological characteristics of the NaCl swist and of the formed NaNCare
obtained by AFM images. In fig.4.16 we can obsesweall hillocks of 160-280 nm
equivalent radius (190 nm mean size), slightly brgpan the NaN@nano-crystals formed at
RH=0%. Their heights are between 60 and 90nm.

b)

80 nm

0nm

Fig. 4.169x9um AFM surface reconstructiofa) 2D and(b) 3D image of NaN@crystals formed on NaCl after
reaction with NQ at RH=15%.

The conclusion is that by slightly increasing thid Bf the reaction more water is absorbed
along the defective sites where the formation dtisSdaNQO; crystals of nanometric scale is
favoured.

4.2.5 RH=45%

At RH=45% we are just above the threshold of thenfdion of a uniform monolayer of water
on the NaCl surface, therefore the reorganisatioing the reaction itself should be stronger.
From optical microscope observations (fig. 4.18 tharacteristics of the reacted surface are
completely different from the ones observed intthe previous cases.

87
© 2010 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Sara Scolaro, Lille 1, 2009

10 pm
- 5u
Bl 4 B =
Fig. 4.1750x (a) and 100xb) optical images of NaCl(100) immediately after exyppe to NQ RH=45%.

Some flower-like structures of aboutubn in diameter are formed all over the surface. The
rest of the surface has the appearance of noneaadaCl. This can be confirmed by
acquiring some Raman images (reconstructed byratiag theA;4 band of NaN@ at 1068
cm?), as reported in fig. 4.18. In this image we oliserve the solid nitrate signal over the
flower-like structures, whilst no Raman signal esarded elsewhere. We can suppose that
the nitrates formed on the surface initially migr&d form these micrometric agglomerations
and revealing the underlying fresh NaCl surface.
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Fig. 4.18 100x optical § and Ramanh) images of NaCl(100) exposed to N@ RH=45% and recorded
immediately after reaction. The spectra Ran@nndicates the presence solid nitrate on everyembixel of the
Raman image.
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As soon as we try to investigate these depositsare detail, we have to deal with their quite
rapid evolution from which, after some hours, snmdlbcks clearly emerge. On these zones
some AFM images are recorded (fig. 4.19) and sarfacrphology parameters are measured.

Fig. 4.196x6um AFM image reconstruction of NaCl(100) exposetl, at RH=40% after 1 week.

The hillocks mean diameter is around 540 nm and bieéghts are between 180 and 350 nm.
Some typical profiles are reported in fig. 4.20.
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Fig. 4.20Some hillock profiles measured from the AFM imag&laCl exposed to N£at H=45%.

In previous work [Zangmeister C. D. et al., 199Bhitrate towers with similar morphological
characteristics were observed after exposure aiveld NaCl(100) to HN®and HO. The
authors observe that the presence of,@ Hdlayer facilitates NaN{formation presumably
occurring as precipitation from a saturated sotufiesstead of a progressive growth from a
gas-solid reaction. Even if the dissolution @ tithole nitrate being formed is not possible in
the small quantity of surface adsorbed water, virgktthat the HO layer globally facilitates
the surface mobility. Since there is a mismatchwben the bulk NaN© and NacCl
crystallographic parameters, the formed nitrate dagndency to reorganise into clusters
instead of staying spread on the surface. Indage we observe that nitrate is present in a
metastable form in the flower-like clusters of 48 of diameter. They have the tendency to
reorganise themselves into separate hillocks uaddrient humidity conditions. In this new
conformation the contact with the subsiding NaGfae is minimised, therefore we turn to
an energetically favoured situation.
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Fig. 4.2112x12um AFM image reconstruction of NaCl(100) exposedNtd, at RH=40% after 1 week: ia)
the zones lying under the (100) surface level ateured in green; irfb) on the right the nitrate hillocks are
coloured in red.

We observe that these hillocks (fig. 4.21b) areied inside a surface depression, lying 150-
300 nm lower the rest of the flat NaCl surface.e§édrdepressions, which are shown in green
in fig. 4.21a, have the shape and dimensions of fioeer-like structures observed
immediately after reaction. This is an indicatibattthey are the traces of the original nitrate
surface occupation. The rest of the surface shtbesame polishing defects and roughness
as if no chemical reaction with N@ccurred on it.

From these observations we can suppose that at Bd=despite the theoretical presence of
a monolayer of adsorbed water, the NaClfNi€action occurs preferentially in some specific
spots, which are quite homogeneously dispersedhersurface. The reaction then proceeds
around these spots, consuming the surrounding Bla@ce. The formed nitrate is present in
a very thin and metastable solid which evolvesrasbme ageing under ambient humidity
conditions, into more stable hillocks of @dm diameter. In this new configuration the
NaCl/NaNQ contact surface is minimised. We do not obsenyelang range migration on
the surface during surface ageing, due to the wenfent of nitrate inside these NaCl
hollows.

Some additional information, in particular aboue ttrystal orientation, can be given if we
observe in more detail the relative intensitiesha nitrate vibrational modes obtained with
the polarised Raman spectroscopy (see ch.3.3Rdoran theory with polarized light). More
specifically we find a difference in the 1068/185 tintensity ratio. An example is reported
in fig. 4.22, where a single agglomeration is inthdpy integrating the Raman signal of the
1068 cni band associated to the internal N€ymmetric stretching (in b) and of the 185tm
lattice oscillation (in ¢). We can observe tha tblative intensities between these two bands
(i.e. see the spectra reported in b and c¢), aréheatame all over the deposit.
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Fig. 4.221In (a) a 100x optical image of NaCl(100) exposed to,ND RH=45% one day after reaction. The
Raman spectra ifb) and(c) are examples of intense absorption at 1067 anccB5espectively and are used
to reconstruct the corresponding Raman images.

This observation suggests that inside the depissilf ithere are differently orientated nitrate
nano-crystals, even if it is not possible to go enomto the details and to know their exact
angle of orientation on the NaCl(100) plane. NaNs$dlutions are known to form
heteropitaxy overgrowth and randomly oriented péaseon NaCl(100)[Anuradha P. et al.,
1985)).

4.2.6 RH=68%

This particular value of RH has been previouslyadticed as the deliqguescent point of a
binary mixture of NaN® and NaCl[Tang I. N. et al., 1994] For this reason it is also
interesting to check the NaCl surface behaviour whgposed to N®near to this very
specific condition.

Immediately after reaction and purging with dry, khe coexistence of two main kinds of
nitrate deposits can be seen on the surface, wtachbe optically distinguished by their
dimensions. The smaller ones have a diameter afitahon and can be identified as the
darker points (fig. 4.23 a) on the NaCl surfacejlevthe second type have a diameter of
approximately 1Am (fig. 4.23b).
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Fig. 4.230ptical (50x) images of NaCl(100) after reactioittvNO, at RH=68%: in(a) the small, micrometric-
size deposit, irfb) the bigger polygonal crystals.

We present their characteristics here, starting wie smaller ones (fig. 4.23a). By exploring
the surface chemical characteristics we can confiygrRaman spectroscopy the nature of
reaction product of the formed small crystals:doitrate signal is collected all over the small
dark points (fig.4.24). A Raman image, giving thiérate distribution on the surface is
reported in fig. 4.25: the black pixels are whepeRaman signal was detected.
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Fig. 4.24Raman spectrum observed corresponding to the digr&sits on the NaCl surface exposed to, D
RH=68%.
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Fig. 4.250ptical (100x) and Raman images of NaCl(100) expdseNO, RH=68% one day after reaction.

Going into further detail on their morphology wencdescribe them as small, quite regular
and homogeneous pyramids, as observed in the ARMerof fig. 4.26.

Fig. 4.2612x12um AFM images reconstruction of NaCl(100) exposeN@ at RH=68% after 1 day.

The base size of these tetrahedrons is firh.&nd the vertex is approximately 400 nm above
the surface. In fig.4.27 there are three profitthree different hillocks taken as an example:
their morphological characteristics are quite samiand it is interesting to observe, once
again, a depression of the NaCl surface immedia@isounding the small nitrate crystals of

approximately 15-50 nm depth.
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Fig. 4.27AFM profiles of three different hillocks formed &aCl (100) after exposure to N@t RH=68%.
We confirm by interpreting the Raman spectra that bigger crystals we observe on the

surface are also formed of solid nitrate. We @onstruct the surface distribution of nitrate
and verify that the surface surrounding the nitoeposits is made of pure NaCl (fig. 4.28).

a)

Fig. 4.28 (a) 100x optical(b) and Raman images of 5-micrometer size nitratetaiyysormed on NaCl(100)
exposed to N@at RH=68%.

From the same Raman image we can obtain someipfdrenation, i.e. the Raman signal has
not the same intensity over all the deposits. Thisld derive from different thickness of the
nitrate formation, but looking more carefully atethmelative intensities of the 1§ mode
associated with the nitrate stretching and at tipdaEice libration, we see that there is also a
contribution given by different crystal orientatgonn fig. 4.29 we zoom on the upper-right
corner of the Raman image on two different nitideposits (in the red squares). On the two
crystals of fig. 4.29a the 185 &mband signal has a significant intensity, whilsinge
practically absent from the crystal in fig. 4.29@his third crystal is thicker than the others as
shown by the more intense 1068 tband recorded on it (fig. 4.29€).
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Fig. 4.29a) andb) Zoom on zones 1 and 2 of the optical image iMfRBa; inb) ande) the Raman images are
obtained from the integration of the symmetric atir stretching band at 1068 ¢nin c) from the 185 cm
lattice vibration (libration).

The specific morphologies of these two differeriey of crystal are investigated by AFM

mapping.

Crystals like the one in fig. 4.29d are, instead aingle crystal, formed from an aggregation
of smaller units, as depicted in fig. 4.30. Thekda points observed in the optical images
correspond to the vertex of the central micro-alysfThe sub-units of irregular shape try to
assemble to form a regular-shaped rhombohedratatry$n the same AFM image we can
also observe, on the right hand side, some “amaghend much thinner nitrate.
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Fig. 4.30AFM reconstructed 2Da]) and 3D b) images of a nitrate agglomeration formed on Na@) exposed
to NO, at RH=68%.

In fig. 4.31 we report the morphological featurési@rystal similar to the ones of fig. 4.29a.
We can immediately notice, also from the verticabfies reported in fig.4.32, that the

thickness of the deposit is only 40-100 nm, theeetd to 5 times less than the previously
described hillocks and micro-crystals.
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Fig. 4.31 6x6um AFM reconstructed 2D and 3D images of 5-micromedige nitrate crystals formed on
NaCl(100) exposed to NARH=68%.
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Fig. 4.32Two vertical profiles of the NaCl crystal presehte image 4.31.

The non well-defined and irregular shape is cohlteneith a rapid precipitation, of
efflorescence, instead of a slow crystallisatiotheiit constraints. Taking into account the
hygroscopic properties of the NaCl/Nah@ixtures and the low deposit thickness we can
reasonably suppose the presence of a thin sollai@r on the surface before the crystal is
purged with dry nitrogen at the end of the reactidme irregular shapes and profiles, to which
we can add the discontinuity of the crystal (thare some “holes” from where we can
observe the underlying NaCl flat surface) leadstaighink that the rapid change in the
humidity content of the surrounding atmosphere nad leave time for a more ordered
reorganisation into the classical (rhombohedra$tad.

In some other zones the nitrate pyramidal crystedsinterconnected to very thin amorphous
plates. An AFM image is then recorded in one esth“mixed” zones and reported in fig.
4.33. Nitrate plates of 40nm thickness are adjattemicro-crystals of 250 nm height. In
some parts they are interconnected and the whoigaiagglomeration is once again located
inside a NaCl depression lying 20-30nm below tlst oé the surface (in green in fig. 4.33b).
This observation leads us to think that an iniiguid nitrate layer, occupying the NacCl
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hollow, dried and leads to the nitrate structueseoved. This hypothesis is also supported by
the fact that the hollow volume corresponds tothime of the solid nitrate (~ 23m°)
contained in it.

Indeed thinner deposits can exist in the liquidestet lower RH. During the rapid surface
drying to quench the reactivity, different struesircan be stabilized at different humidities
with the result that different solid nitrate cryistare present on NaCl(100) as already reported
by [Anuradha P. et al., 1985] The pyramidal structures could be an intermediatween the
amorphous and metastable thin layers and the nigemised rhombohedral crystals that are
observed after some days of surface ageing. Toosufips, we can observe in fig. 4.33c, that
there is always the presence of some inclineseathimner platelets borders. They could be
the precursors of the pyramidal micro crystalshef ¢entral part of the image.
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Fig. 4.339x15.6um AFM 3D (a) and 2D(b) image reconstruction where in green is the surfanging from 0
to 100nm of height (referred to the lowest valugistered in the image). In correspondence toittes llabelled
with 1 and2 the morphological profiles are reported in thetdrot graph(c).

Also from optical images of these crystal agglomerazones (fig. 4.34a) we can recognise
zones of different thicknesses and, from the dagkeints, that some tetrahedrons are
encompassed by the structure. The Raman imagesbéaeed from the collection of a
spectrum every 0.m. In fig. 4.34b the image derives from the in&igm of the 1068 cih
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band, and in 4.34c by integrating the band at I83.cWe clearly see that inside the same
crystal there are different relative intensitiesttd two bands, meaning different orientations
of the sub-crystals. This observation combinedwhie morphological information leads to
another conclusion: while the smallquni crystals of pyramidal shape show a small Eg/A
intensity ratio (spectrum in fig. 4.34a), the ftatbnes conversely have the tendency to have a
185/1068 crit ratio equal to one (spectrum in fig.4.34b). Thdifferent morphologies are
also accompanied by different orientations of thgstal axis relative to the NaCl(100)
surface: during the surface reorganisation thatatcrystals twist from the an amorphous and
thin structure to a more stable, pyramidal one.
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Fig. 4.34 (a)100x optical images of a 10-micrometer size nitfanation on NaCl(100) exposed to NO

RH=68%. Raman images are reconstructed by integratie band at 1068 ¢m(b) and 185 cri (c)

respectively. Under the Raman images two exampRaonan spectra with a lofb) and high(c) 185/1068
1 -

cm™ signal.

If we now perform the same experiment on a fresiaved NaCl(100), we are sure that
there is no effect due to some artificial surfaetedts from polishing.

What we observe is indeed the formation of welleoed rhombohedral NaNQ@rystals along
the cleavage steps, where water is assumed tobadswe easily (fig. 4.35).

98
© 2010 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Sara Scolaro, Lille 1, 2009

4000 o
() (b) | S
—
3 000 J/
S
H _
2 2 000
3 © N
i= 4~
= . o &
N b
10001 '\17 3 |
. T [ T | T I
500 1 000 1 500

raman shift (cﬁjr)

Fig. 4.35Rhombohedral NaN$£deposits on freshly cleaved NaCl(100) after exposa NQ at RH=68%:(a)
optical image (100x magnification) afio) Raman spectrum.

At the same time we observe the “amorphous” nitdgposits on the NaCl terraces (fig.
4.36a) surrounded by very small, sub-micrometricate spots that can be seen only slightly
through the optical microscope images. The Rarpantg collected confirm the presence of
solid NaNQ corresponding to all three different formationg.(#.35b, 4.36b and c). On the
contrary no micrometric nitrate with a pyramidaéph are observed at this stage.
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Fig. 4.36(a) Optical image (100x) and Raman spectra collectecomespondence db) the submicrometric
deposits present all over the terrace surface(@noin the 1Qm central agglomeratiotn (d) the optical image
of the same deposit after 3 days of ageing ataberhtory humidity.
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From experimental observation we can conclude #heRH=68% the ion mobility on the
surface is high enough to reorganise the formintponed nitrate into bigger structures. On
flat and relatively defect-less terraces, the tetraicroscopic aggregations are not completely
well ordered and near to sub-micrometric nitratposdéts there are also relatively thin
deposits which, despite being non-liquid, haveghape of a viscous liquid drop (fig.4.36a).
If a very thin layer of nitrate (10-50nm) were preson NaCl(100) it is reasonable to think
that it could be partially solvated at the humidit during the experiment. For this reason
we are led to make the hypothesis that the thirosiepcan derive from a fast precipitation
induced by the dry purging we applied at the endxgfosure to N@ This metastable phase
does not have a regular shape and has the tentereyolve, as in the case observed at
RH=45%, and to form smaller hillocks (fig.4.36d).n&e the surface is more mobile, i.e.
along the polishing defects, the forming nitraten caore easily migrate on the surface
resulting in well ordered micrometric tetrahedralystals (fig.4.25 and 4.26). This
reorganisation process also concerns both the ahmnorphous and tetrahedral crystals at
longer ageing times: these structures evolve tosvamdre regular-shaped rhombohedral
crystals of super-micrometric dimensions.

4.2.7 RH=80%

At this value of RH the NaCl should become delige®$, meaning that at least the topmost
layer should be a very concentrated solution coirtgiCl and N4& ions. The effect of this
different phase of the substrate on the reactteiyards NQ is investigated.

Immediately after reaction the optical microscopgges of the NaCl surface surprisingly
appear to be free from any reaction products. AMAfage reveals indeed that only few and
very thin (100nm) micrometric crystals are pres&ume examples are reported in fig 4.37,
4.38 and 4.40. Each of them has some peculiaritefsy.4.37 the NaCl surface shows some
roughness and particularly some deep ditches af 80hnm, where presumably a nitrate
deposit lies. From the asymmetric response ofithatthe forward and backward scans, we
could suggest a liquid-like nature of this depaegiich has a 25nm thickness in the centre
while the borders are 40-45nm above the surfacer.ldyis possible that the dry;Nurging
procedure (10L/2 min) was not long enough to givenplete efflorescence of the nitrate
solution formed after the reaction at such a higmidity. In any case the deposit is more
similar to the amorphous ones already observedattR%.

[T 120 nm

- - —————
& 0nm

Fig. 4.37 6x6um AFM 2D image reconstruction of a deposit formedNaCl(100) after reaction with NGat
RH=80%. From the tip response it could be constitofea supersaturated solution.
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In the bottom part of fig. 4.38 a micrometric fotma has similar characteristics to the one
just described in fig.4.37, but 4 times thickertwits top roughly 120 nm over the NacCl
surface level.

The central part of the image shows a zone of Na@3ion: the hollow is quite deep (170nm)
and large (~ftm), so that it is not compatible with a polishingratch which, moreover is
visible running diagonally on the right. In addiito that, inside the cavity lots of smaller
grains (about 40nm of height) are visible (fig.8tB

353 nm

b) c)

0,20 pm

0,00 pm

x 1,5pm

Fig. 4.38 6x6um AFM (a) 2D and ) 3D image reconstruction of NaCl(100) after remctiwith NO, at
RH=80%. In €) a zoom inside the hollow.

Finally we can find all the structures we have jdsscribed in fig. 4.39: from the eroded
NaCl surface crystals of different dimensions ameeing and the hollow shape clearly
indicates that it can not be attributed to soméserdefect.

0,35 pm
0,00 pm
y: 12,0 pm

x: 7,5 pm

Fig. 4.397.5x12um AFM 3D image reconstruction of NaCl(100) afteaction with NQ at RH=80%.

Raman images are collected of a zone showing, utiteeroptical microscope, similar
characteristics in order to check the chemical amsitjpn of the hillocks inside the hollow.
From the Raman images reported in fig. 4.40, we earlude that they are merely the
consequence of NaCl reconstruction, because agieH;68 crit is also measured inside the
NaCl depression. The relative intensities of ti#8Land 185 crh differ from a nitrate
crystal to the other. In particular the two cristan the left part of the hollow have a higher
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185/1068 crit intensity ratio and an example of spectrum coddatver them is reported in

fig. 4.41b.
T a
ol @ , (b) ©)
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Fig. 4.40 (a)100x optical image of NaCl(100) exposed to N®H=80%. In(b) a Raman image is reconstructed

by integrating the absorption peak at 1068'cmihile in (c) the image is obtained by integrating the peaksat 1

cml.
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Fig. 4.41Raman spectra collected (a) near the NaCl holladv(Bhover the rhombohedral crystal.

Surface ageing leads to the emergence of smaditaitrystals from the hollows all over the
surface. The collected AFM images (as i.e. fig23 suggest the presence of a NaCIl/NgNO
solution during the reaction. The mixture of thése solids then slowly evolves separating
out into two phases so that nitrate appears asuHface. The emerging new phase (28 nm of
thickness around the furrow borders) crystallisgs hillocks of approximately 180nm mean
diameter and 30 to 100 nm thickness.

The same phenomenon is observed on other zonesuwittawrrows (fig. 4.43). Again, the
newly-formed nitrate deposits are of 25-35 nm theds and 220 nm mean diameter. The
appearance of a surface that has not reacted teb (e. compared to 40 and 68% RH)
derives from the fact that the nitrate is actualyo trapped under the surface and so not
immediately visible. It is difficult to say if sagnliquid nitrate is also present on the surface
because of the too low Raman sensitivity. Howewveg, can confirm from the spectra
interpretation that these nanometric particled@amaed of solid nitrate.
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Fig. 4.42AFM 3D topography on 3 days-aged NaCl(100) reautitd NO, at RH=80%.

150 nm

0nm

Fig. 4.43AFM 2D topography on 3 days-aged NaCl(100) reavtitd NO, at RH=80%.

4.3 NaCl pellets exposed to N{at different humidities

The NacCl disks used for the kinetics studies ase ahalyzed by Raman microspectrometry.
The main aim is not to study again the processtcdta formation and reorganization under
different RH which has already been discussed enptievious section of this chapter, but to
verify the presence on the pellets of the expestdl product, NaN@and the location of
NaNQ; crystals with respect to NaCl grain connectionse Will report here only some
meaningful examples.

4.3.1 RH=0%

If we consider the pellets exposed to N@ dry conditions we can obtain a strongly
homogeneous distribution of solid nitrate all ovke salt surface (fig. 4.44a), where the
nitrate Raman peak can be easily collected. Tihs®iwation indicates an equal reactivity all
over the NaCl disk zones.
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Moreover it is interesting that we can detect tatrasignal also under the surface
corresponding to some imperfect grain connectiaasshown in fig. 4.44: the nitrate Raman
peaks collected @m under the surface corresponding to the whitetpahfig.4.44b are two
times more intense that the peak recorded on tti@cgu This denotes a partial N@iffusion
through the three holes visible in the bottom pdirthe image and the consequent reaction
with NaCl inside the pellet itself.

a) b)

Fig. 4.44 Optical images (100x) collectde) over a NaCl pellet exposed to Na RH=0% andb) 3um under
the surface.

4.3.2 RH=50%

The Raman images collected on the NaCl pellets segp@at RH=50% show, in parallel to
what was already observed on the monocrystal ssfatche presence of NaMO
agglomeration of 5-10m size (fig. 4.45). Some deliquescent nitrate alignt 1048 cni is
also recorded on them. This is a sign of surfaoceganization as already discussed in 84.2.5
and it is interesting to observe the same phenomaitsm on a polycrystalline surface. Also
the different sub-crystal orientations inside tlaene agglomeration are confirmed, and an
example is reported in the difference between tam&h image obtained by integrating the
1068 cnt* band (fig 4.45b) or the one at 185 tiffig. 4.45c).

(@) (b)

Fig. 4.45NaCl pellet exposed to NGt RH=50%: optical image i). In (b) the Raman image reconstructed
by integrating the 1068 chband; in(c) by integrating the 185ciband.
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4.3.3 RH=80%

We previously hypothesized that, when the deligeresblaCl is put in contact with NQOthe
formed nitrate could be segregated inside the sarfduring the reactivity quenching
treatment. We also observe this on the reactddtpeho Raman peak is collected on the
surface and only by focusing the excitation lassarb below it can we record the solid nitrate
presence. This can be optically observed i.e.gn4i46, where there are the two images are
obtained by focusing on (a) and below (b) the sifaOnly if the excitation laser beam is
focused some micrometers under the surface, care sutrate signal at 1068 ¢m be
collected corresponding to the white spot in theldid@ of the image (optical image in b,
Raman images in c).

(d)

]
'I_:

(@) (b)

(©)
=" 1pm I
- -

Fig. 4.460ptical images (100x) by focusing on the surfé@eand some micrometer beldy). Raman images
collected under the surface and reconstructed tegtiating in(c) the 1068 ci solid nitrate band and ifdl) the
234 cm' N,O, or N;O,-HNO; band.

Intensity (a.u.)

T I I I
800 1000 1200

T T
200 400 600
Raman shift (cr'ﬁ)

Fig. 4.47Raman spectrum collected under the NaCl pelldasarafter reaction with NCat RH=80%.

By analyzing a Raman spectrum collected under thiase and reported in fig. 4.47, we can
see a small contribution at 1055 ¢ritom coupled ion pair nitrate which denotes thespnce

of deliquescent nitrate trapped under the surface.

Some supplementary bands at ~234'@nd 154 crif can be attributed to 40, and NQ or

to their complexes with N© (or HNGO;) occluded under the surface of the crystalline NaC
[Kamboures M. A. et al., 2008]
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4.4 Conclusion

The observations of NaCl (100) surfaces can bespased to the case of pressed NacCl
powder pellets. Immediately after reaction theat@ surface agglomerations are indeed
similar in the two cases: a uniform distribution sfib-micrometric NaN®© crystals at
RH=0%, larger agglomerations made of smaller clystaith different orientations at
RH=50% and nitrate trapped under the surface at3Rpk=

We can also observe that someJ\&fter having diffused through the very few graorders
present on NaCl pellets, react forming solid néra¢low the surface level.

Adsorbed water plays a crucial role on the reommion of the surface and on NapO
recrystallisation. When more than a monolayewafter is present (RH>35%) the uptake
process is accompanied by surface ion mobility Wwhassembles the forming nitrates and
freshly generates NaCl sites which are then aVailebreact. Formed nano or micro-crystals
of NaNG; have different morphologies and orientations onCNEDO), as reported in
[Anuradha P. et al., 1985]due to the mismatch between the crystallographrameters of
the two salts,. These different morphologies iatica fast precipitation from a thin liquid
layer of nitrate when the reaction occurs at RH~68¥e thinner and more “amorphous”
solid nitrate is unstable and evolves, under antblemmidity conditions, to tetrahedral
structures which tend to aggregate and evolve durtbwards microscopic and macroscopic
crystals of rhombohedral shape.

When the NaCl deliquescence point is reached (RPB)#Be have some spectral indications
of the presence of NCand NO, complexes with N@ or HNG; trapped below the surface.
This snapshot of the composition of a “frozen” sioln could give useful suggestions about a
possible reaction mechanism. N@nd NO, are not the species which directly react with
NaClagy there is an intermediate step, probably an hydis| that can form HN§which can
then exchange Hwith Na' to form NaNQ.
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Chapter 5 — Fatty Acid Coated Surfaces
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5. Fatty acid coated surfaces

In order to better understand the nature of coatie@ral surfaces it is necessary to determine
the characteristics of the fatty acid coating. sTimformation is crucial point to the
understanding of the heterogeneous chemical ansigatyrocesses occurring at the surface.
In particular we are interested in how the surfaistanfluence the reaction of N@n NacCl
crystals.

In the first part of the chapter, bulk fatty acatsd their aqueous solutions deposited on model
surfaces are investigated with the micro-Ramanniecie. The inter and intra-molecular
order of the fatty acid chains can then be detezthin different conditions and on different
substrates. Palmitic, oleic and stearic acid agpodited and studied on perfectly flat
mica(001) surfaces. The use of this mineral suppdustified by the initial need to explore
the behaviour of F.A. when dispersed on a perfeitdyy mineral surface. Once we have
understood the dynamics driving the surface disperand the molecular aggregation state of
the fatty acids on these simplified systems a medlifechnique for obtaining reproducible
coatings is defined.

In the second part the dip-coating technique isl isebtain reproducible fatty acid deposits
on NaCl(100) monocrystals. The formed F.A. depoaits characterized with micro-Raman
and AFM techniques, allowing us to couple the mal@cinformation to a morphological
evaluation of the formed coating.

Finally, the fatty acid-coated NaCl pellets aredstigated after reaction with N@t different
humidities with the same surface techniques. Tiftuence of FA on the NaCIl/NO
interaction is assessed.

5.1 Raman reference spectra

5.1.1 Experimental conditions

The reference spectra of powdered palmitic, stearctoleic sodium salts and their acid form
(with the exception of oleic acid Hg&*) are collected using different excitation
wavelengths. In tab. 5.1 the effect of the différeavelength on the quality of the collected
spectra is summarized.

exciting laser wavelength observation on the Raspattra | conclusion

785 nm poor S/N in the 3000¢mmegion no

632 nm good S/N yes

514 nm optimum S/N yes, the best conditign
266 nm formation of amorphous carbon no

Tab. 5.1Effect of excitation wavelength on the qualityFoA. Raman spectra

The relative intensities or the shapes of the difie Raman peaks are not influenced by the
choice of the excitation laser beam, with the ptioa of the highly energetic UV excitation
(266nm) where we observe the formation of amorpheaubon even at low powers (see ch.
3.4.1).

Good S/N are obtained after excitation at 632 ahd Bm, but the best performance is
obtained with thexcitation at 514 nm.

¥*Too much sensitive towards air oxidation and rpiteccomposing to Nafg for being used in this study.
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5.1.2 Raman spectra of the pure compounds

The characteristic peaks of the pure powdered comg® are assigned to the different
internal vibrational modes of the molecules as sstggl in previous worKKobayashi M. et
al., 1986} [Wong P. T. T. et al., 198§]

Fig. 5.1 shows a typical Raman spectrum of a bolkdered FA, Nagz.; in this example,
where the C-H stretching at 3000¢ns easily identified (zoom in fig. 5.2a). The C-C
stretching (880-1100 cf), twisting (~1300 crit) and scissoring (~1430 ¢thmodes are also
readily observed, but with much lower Raman signi@nsities (zoom in fig. 5.2b). For the
unsatured Nagg.; we can also observe additional features due toethglenic group and
particularly thevs(C=C) at 1654 cm and thevs(=C-H) at 3006 cn.
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Fig. 5.1 The Raman spectrum of pure bulk Ng{powder;Ae,=514 nm.

Raman shift (cril) | Attribution
888 v C-C
923 v C-C
1063 Vas C-C (trans)
1093 vs C-C (trans COGside)
1121 vs C-C (trans CHiside)
1295 tCH
1433 0 CH,
1451 0 CHs;
1655 vs C=C cis

Tab. 5.2 Attribution of the Raman peaks of the C-C regiomolk NaGg.;.
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Raman shift (cr) | Attribution
2846 Vs CH,
2858 packing
2882 Vas CHp
2898 25 (CHy) FR
2917 v (a CHy)
2959 Vas CH3
3006 v (H-C=C)

Tab. 5.3Attribution of the Raman peaks of the C-H regiorbolk NaGg.;.
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Fig. 5.2Raman spectra of pure bulk NagCpowder A=514 nm): the C-H zone @, and the C-C zone in.
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The spectra of the saturated fatty acids (palnatid stearic) are similar to that described
above, with the exception of the signatures typ@alC=C and those characteristic of the
asymmetry of the molecules induced by the presaifcie double bond in the aliphatic
chain.

5.1.3 Molecular aggregation state of fatty acids: melle, gel and solid structures.
Raman diagnostic.

As already seen in ch.2.2.1, between the main ctarstics of amphiphiles molecules like
fatty acids, there is the self-aggregation propewviftich can be expressed as differently
ordered structures (i.e. micelles and membranesliiketures).
The position and width of some of the previouslgalded Raman bands are sensitive to the
conformation of the molecule. Tab. 5.4 shows theds that principally indicate a high
degree of chain packing order (taken frilores K., 2004].
In particular:
the symmetric and antisymmetric stretching of thethylene groups (at 2842 and
2880 cn) are indicators for highly ordered chains;
when the band at 2852 &hoccurs it indicates failing order.

Band position [cni’!| | Assignment “Diagnostic value”

between 800 to 900 CHaz rocking S:I?izciiide'gi;lcftes 3

1060 C-C asymmetric stretching Sggi)cﬁidelgiffteg A

1130 C-C symmetric stretching f:s;‘zczatlil\ii;j::tes 3

1295 CH; twisting

1420/1440/1465 CHs scissoring Indicator of packing behavior
2842/2852 CH; symmetric stretching t?;ﬁ?\ni&?;;:’?éﬁf high
2880 CH; antisymmetric stretching igiézcﬁliii;i:ftes 3

Tab. 5.4Raman band position and assignment in a mixtureeafium weight F.A. and triglycerides adJores
K., 2004]

In previous wor{Wong P. T. T. et al., 1983he authors measured the Raman spectra of bulk
NaCg.1 as a solid, aqueous coagel and micellar solugorthat the intermolecular order is
also taken into account and is reflected in the &aspectra (fig. 5.3).

The presence of a micellar organisation of the aphples molecules is also indication in the
spectra in the 800-1600 €megion. They(C=C) and t(C-C) intensity ratio (I at 1655 ¢hi

at 1295 crit) is 0.6 in the solid phase and >2 in the miceilaase.

All these indications can help us in identifyingethdifferent intra and inter-molecular
organisation from the fatty acids Raman spectra.
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Fig. 5.3 Bulk Raman spectra in thg(C-H) region of NaGs.; as a solid &), aqueous coageB§, and micellar
solution C), as reported ifWwong P. T. T. et al., 1983]

5.2 Fatty Acids deposited on mica(001) surface from agpous solution

Mica(001) surfaces are often used in the litera(gtech as infBailey A. I. et al., 197Q]
[Kajiyama T. et al., 1994][Kajiyama T., Oishi, Y. et al., 1996¢tc) because it is an almost
perfect surface down to the atomic scale. Thigasttaristic makes it an ideal support for
surface analysis techniques such as AFM: any effieetto roughness or surface defects that
could influence the rearrangement of the fatty @dn be avoided. In addition, the use of
this mineral surface is also justified by atmospherterest. Indeed mica is a phyllosilicate,
which is present in the composition of mineral dasstosols particles (i.@Jsher C. R. et al.,
2003])).

To explore the possible configurations of FAs oe #surface, single drops (300 of
aqueous solution at the critical micellar concdrdaraof palmitic, oleic and stearic acid (and
their sodium salts) are deposited on mica(001l)ased and left to dry under laboratory
humidity and temperature conditions. For everyus&d, optical images and Raman spectra
and images are collected on different zones ofstiréace and at different degrees of water
evaporation from the surface itself.

The acidic forms of FA have the tendency to preatpi on mica(001) as micro-crystal
dispersed on the surface.

When the sodium salts of FA are used we observe té optical microscope that the drying
process leads to the precipitation or reorganisaticstructures of different shape and size, as
already briefly reported in ch. 3.2.2.

Some crystalline agglomerations precipitate ancelsnapes and Raman spectra similar to the
pure bulk FA. Others assume more exotic configamat forming much thinner films spread
over the surface. An example of a dendritic growstlgiven in fig. 5.4, where we can see
structures similar to the ones reportedlimura K.-i. et al., 2001]and deriving from spread
monolayers of cis-unsaturated fatty acids on thiemsurface.
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4 um
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Fig. 5.4100x optical image of Nag; thin deposits formed after drying of a CMC aquesakition deposited
on mica(001).

We focus here on the Raman signature of some $t#dond type of thin deposits.

The collected Raman spectra characteristics sho@rdgeneous reorganisation of the
molecules, with different features appearing irhttbe 3000 cim and 1100 ci zones.

A close up the 3000 chregion of a typical spectrum is reported in figs.5 The spectrum is
recorded at the centre of a circular deposit, wiuggieal image is reported as an insert in fig.
5.5. No particular differences are observed if R@man spectrum is collected near to the
borders of the deposit.
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Fig. 5.5Closes up of thgy(C-H) region of the micro-Raman spectrum of a Na@eposit on mica (100) from a
CMC aqueous solution. In the insert the opticalgmaf the deposit on which the spectrum is coltkcte

We can compare this spectrum with the bulk compa@apettrum reported in fig. 5.2a and we
observe that the relative intensities of the défgrbands are not the same. In particular in the
drying drop deposit of fig. 5.5 the band at 2882'dmnot very pronounced compared to the
one recorded on the powdered sample. FurtherrtttgeCH symmetric stretching is mainly
expressed at 2852 cminstead of 2846 cth Both these spectral characteristics indicate a
failed internal order of the hydrophobic chainspesviously discussed.
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We can also compare this spectrum with the speeparted inf\Wong P. T. T. et al., 1983]
we can observe a strong similarity to the miceflalution spectral features in the 2800-
3000 cnt* zone of fig. 5.3C.

The presence of micellar reorganisation is furtbenfirmed, by observing a ration of 2
between the intensities of the 1655 tand 1295 ci bands.

By following the progressive drying of this deposihder laboratory temperature and
humidity conditions, after 24h we observe a strormgacentration of fatty acids in the central
part as can be seen in the optical and Raman imigdg. 5.6a and b respectively.
Regarding the molecular order/disorder, in fig.coa& report the Raman image reconstructed
on the intensity of the 1655/ 1295 ¢rhand intensity ratio. The regions in white showeveh
the ratio is > 2. The heterogeneous nature ofldpmosit is then expressed also in a different
spatial distribution of the intermolecular orgamiga. In the central part the Na& deposit

is thicker and the hydrophobic chains are packezhiorderly way. Near to the border of the
deposit there is a thin layer of micellar solutinstead, persisting even 24h after the solution
has been deposited on the surface.

a) b) c)
o,
ih_i
3
Sum
|

Fig. 5.6 Optical(a) and Raman images recorded on a Na@gglomeration 24 h after deposition on mica(001).
In (b) the image is reconstructed by integrating the £655v{(C=C) band, in(c) the image reports the pixels
where the 1655/1295 chintensity ratio (index of micelle presence) is >2.

Similar observation can be made when the drop df;pNaqueous solution (at CMC) is
deposited on mica and left to dry in the laboratmmosphere.

In fig. 5.7 the evolution over 24h of the Ramancégze of a palmitate thin deposit on a
mica(001) surface is reported. The spectra am@rded after 6, 8 and 24 hours from the drop
being deposited on the surface. For comparis@nsplectrum of the pure powdered Nais
shown in green.

Once again we notice a progressive evolution ofitibernal order of the chains packing,
starting from a micellar rearrangement going towaadcoagel. We can confirm that within
the first 8h the evaporation of the solvent is cmnplete and that the organisation of the F.A.
into micelles is preserved. At longer times thkison does not become a crystalline solid,
but instead a coagel structure. The typical macefeatures are lost (also in the C-C
stretching region), but the highly ordered chainkag is not present with its characteristic
intense band at 2882 ¢m

Unfortunately we observed that the surface disparsf this thin micellar films formed by a
drop drying is sensibly influenced by many facttivat we cannot control, which leads to an
intrinsic difficulty in obtaining a reproducible drhomogeneous distribution of FA on the
mineral surface. Moreover, we can never avoid fitavhe concomitant precipitation of FA
crystals caused by progressive concentration ofahgion.

In addition, this procedure is not transferabletie NaCl(100) surface: depositing even a
small volume of FA aqueous solution on the (100Jame of a NaCl monocystal induces a
drastic surface reconstruction after its rapid atbn. The salt surface is extremely wettable
therefore the solutions immediately spreads ovemtlacroscopic crystal, covering the entire
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ionic surface and reaching the underlying glasstp Here, for the salting-out effect, the
FA present in the micellar form immediately pretape in a crystalline form out of the
borders of the NaCl monocrystal. Raman micospeatoy and ATR analysis confirm the
absence of any organic coating on the NaCl cryatal, identify the organic molecules in the
outer layer of micro-crystals.

2’2'_ Raman spectrum of NaGsolution deposition on mica

2,04 514nm

1,84
1 ——6h

1,6 —_8h

24h

powdered Nag;

1,4

1,2

1,0

0,8+

0,6

Raman Signal Intensity (a.u.)

0,4-

0,2

0,0

3000 2950 2900 2850 2800 2750
Raman Shift (cif)

Fig. 5.7 Time evolution of thev(C-H) region of the micro-Raman spectrum colleate@dr a NaGs deposit on
mica(001) from aqueous CMC solution. The spectiteced after 6 h (in red), 8 h (blue), 24 h (greare
reported. In black the powder reference spectsipidtted for comparison.

5.3 Fatty acids deposited on NaCl from ethanol salion

The transfer onto a macroscopic surface of a naicslblution of fatty acids can be obtained
through the use of the dip-coating technique (dee32.2). This method can solve the
problem of the precipitation of large crystals otite surface, because the quantity of solution
transferred is very low. Moreover this transferaiscurately reproducible as the speed of
extraction is very accurately controlled via a nmated system. The solvent evaporation
conditions themselves are relatively constant mdite instrument cage and complete the
intrinsic reproducibility of this surface treatmeathnique.

The main limitation of the available dip-coater widme impossibility of modifying the
immersion duration, set at 30 seconds. For such tone the use an aqueous solvent is
excluded and substituted by absolute ethanol sadvent of FA and a non solvent of NacCl.

5.3.1 Fatty acids on NaCl(100) monocrystals

NaCl(100) 10x10x1 mm monocrystals were covered VHAtA. with the method briefly
described above and without undergoing signifisamtace reconstruction. Fig. 5.8 shows an
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optical image of the coated surface, where thesbwwlg defaults on the surface are still
visible.

200um

Fig. 5.80ptical image of the NaCl(100) covered in NaQvia dip-coating

From Raman microspectrometry analysis we obtaingesashowing a heterogeneous
distribution of the fatty acid on the surface. fig. 5.9 for example, the optical image (a)
shows the presence of structures of different tiesk which do not fully cover the surface.
These structures are formed from Nag as verified by the Raman microspectrometry. The
intensities of the spectra reported in fig. 5.9d arconfirm an inhomogeneous dispersion of
the fatty acid on the surface. The zones wher€tHetretching mode is quite intense (in the
red Raman image of fig. 5.9b) correspond to thé&etaspots of the optical image; thinner
layers of oleate, in green in fig. 5.9c, surrounen and perfectly reproduce the shape of the
optically observed deposit. The low S/N ratio bé tRaman spectra on these very thin
deposits do not allow us to give a detailed desionpof the molecular arrangement.
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Fig. 5.9 Optical(a) and Raman images of NaCl(100) after dip-coatindp WWiMC solution of Nagg.; in ethanol.
The Raman images, collected after excitation atr@B2represent the different amounts of fatty atg@gosited
on the surface. The red zon@y correspond to the more intense organic signal,gteen onegc) the less

intensev(CH) intensities.
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On NaCl(100) monocrystals treated via dip-coatihg fatty acid is not homogeneously
distributed over the surface but the coating isleesproducible and the precipitation of large
organic crystals is absent.

5.3.2 Fatty acids on NaCl pellets

We apply the same dip-coating technique to the Nadllets that are used for the kinetic
experiments. We explore by AFM the surface cheratics and the organic deposit
morphology®®. In fig. 5.10 there is a comparison between tF&4Amages recorded on non-

coated and coated NaCl pellets. The roughnesR of the sintered pellet before any
treatment is of the order of 100-300 nm. After-dgating it increases to 650 nm, and (fig.
5.10c) in some zones particularly affected by siafeeconstruction, to more than 6000 nm
(fig. 5.10b).

Fig. 5.10AFM images of NaCl pellets befora)(and after I§-c) dip-coating in an ethanol solution of F.A. NaCl
recrystallisation can originate regural-shape miwtric crystals like in (b) and smaller and witlsdedefined
geometry hillocks in zones of lower roughness, likéc) ™.

855 The AFM images collected during a demonstratiorABT-NT® with a SmartSPM™ 1000 microscope
working in true non-contact mode can be seen ingea

"™ Roughness R is defined as the vertical deviatiothe real surface from its ideal form. In this Wat is
quantified by the maximum peak to valley distan@asured on the surface.

™ Images recorded in the IEMN facilities with thedisupervision of PhD M. Marczak.
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The pellets seem to be much more sensitive towsandace reconstruction than monocrystals.
For this reason we decided that in the reactivigasurements to compare F.A.-coated pellets
to NaCl pellets which are dipped into ethanol. this way we can take into account this
surface reconstruction effect induced by residuakew in the non-perfectly anhydrous
ethanol.

The transfer of fatty acids over the pellets isfecored by Raman microspectrometry. We
can detect the C-H stretching signal in the 3000 eome everywhere on the surface.

The fatty acids precipitated on the surface havg dédferent dimensions and morphological
characteristics: micrometric agglomerations arenfbwmear to nanometric structures. We
report here some examples of NaCl pellets coatduMaGg.;.

In fig. 5.11a there is the topography of a micrametize oleate agglomeration. It is almost
350 nm thick and presents an irregular shape, airtolthe non-cubic structures present in the
right part of fig. 5.10b.

We present in fig. 5.11b a secondary electron inw@diected on dry oleate aerosol particles
taken from[Najera J. J., 2007] In his work the author generates the purely migaerosol
from an oleate aqueous solution at concentratiggteehthan the CMC value.

The particles formed in this way are depicted asespal aggregates of micelles which
developed a porous structure during the solverp@wadion.

Owing to the strong similarities with the morphojogf the deposit that we observe on the
NaCl surface after drying of the CMC oleate solutizve can imagine that our micrometric-
size deposits are also formed of aggregation otles.

Fig. 5.11 (a)An AFM 3D image of a Nagg.; agglomeration on NaCl pellgb) Scanning electronic microscopy
image of collected dry oleate aerosol taken ffbimjera J. J., 2007] The red bar denotesuh.

This deposit and similar ones correspond to théssgiwing the more intense organic signal
in the Raman images. All other zones of the serfaesent structures that are much thinner
and which can explain also the very weak intersitithe Raman spectra.

On relatively flat crystals like the ones shownfi;n 5.12, we can find FA with completely
different morphologies.

Filamentous structures lay on this kind of surfaod intertwine with each other, as can be
seen in the AFM image of fig. 5.13. The organipst are about 10-15 nm thick, and can
reach no more than 30 nm where they mutually operlehese characteristics can lead back
to the fusing oriented crystalline domains desdilbe ch.2.2.1. Hydrophobic chains are
aligned and tightly packed forming a compact film.
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Fig. 5.12a) AFM image of a flat NaCl crystal whose surface sk@wvave-like reconstruction. ) a zoom on
the topmost NaCl surfaté™.

a) b)
110nm
500nm
55nm
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Fig. 5.13 a)AFM 2D image of Nagg.; filamentous deposits over a NaCl pellet. b)nra more detailed image is
recorded on the upper-left part of the first image.

In other zones even smaller structures are registe AFM images provide evidence of the
presence of nano-deposits with homogeneous chastice they are circular deposit of less
than 3 nm thickness and 60 nm of diameter. Theyeproduced in fig. 5.14a, and a typical
profile is shown in fig 5.14c.

Always from[Najera J. J., 2007]we know that the characteristic length of the bpthobic
section of oleate molecules is 2.3 nm, which isc#yathe thickness of the observed
nanometric deposit. We can then suppose that déineythe print of originally spherical
micelles that misshaped into flat deposits oncesthlgent evaporated. The morphological
information suggests that the oleate moleculesangpact and are in vertical position on the
surface, tilting from the vertical near the bordéas indicated by the halo surrounding the
spots in the phase image 5.14b).

#*Both images are recorded in the IEMN facilitieshathe kind supervision of PhD. M. Marczak.
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Fig. 5.14 (a) AFM image and(b) phase image of a 800x80én zone of Nag.;-coated NaCl(100). The
presence of some contrast in the phase image tedithe presence of a different material compaoethe
surrounding NaCl. The vertical profile along tHadk line in (a) is given iric).

Concluding, the use of the dip-coating techniquedipositing fatty acids on a macroscopic

NaCl surface is effective. The coatings formed raveideal monolayers and do not show a

homogeneous distribution of organic matter oversindace but instead show the presence of

an incomplete coating constituted of structureswiifferent characteristics. They are the

result of the concentration of the fatty acid solutincreasing during the solvent evaporation.

The different agglomerations of amphiphiles whiem de generated reflect the tendency of

these insoluble molecules to self-aggregate instédorming a uniformly dispersed mono or

multi-layers.

We observe the fatty acid rearrange themselvel@surface into:

- nanometric islands less than 3 nm thick, probalelyvihg from micelle-like structures
present in the bulk solution;

- compact filamentous structures approximately 15thick, probably with origin in the
fusing crystalline multilayers present at the ailvent interface;

- aggregations of hundreds of nm thick, probably wieg from the aggregation of
micelles.

The presence of all these different forms is jiesdifas the solvent drying process can be quite

different in different zones of the pellet and e tdifferent structures that can intrinsically

exist in a CMC solution and at the solution-aieifiace.

This phenomenon can reasonably reproduce the hatoess of the marine aerosol droplets

drying, in which the surfactant-water mixture camni a liquid crystalline phase at low

humidity.

All the phase diagram of the fatty acid in a givemperature range can then be explored,

with the appearance of different crystalline forsnpaeviously reported in ch.2.2.1.
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5.4 Fatty acids-coated NaCl pellets exposed to N@t different humidity
conditions

Fatty acid coated NaCl pellets were exposed t@ O 30 minutes at different degree of
moisture (0-80%). N@ concentrations used are both (8.4+03)10"> molec cn? and
(8.7+0.3)x 10" molec cn?.

All analysed tablets reveal, under optical micrggc@and Raman microspectrometer, some
common characteristics, regardless the RH anddatng fatty acid.

An organic signal is recorded everywhere on thdaser confirming the presence of the
coating after reaction.

Nitrate spatial distribution depends on the inib&Cl surface status and can be summarised
as in tab. 5.5, and detailed in the following paaps.

NaCl surface Fatty acid coating Detected NaNQ Ref.
characteristics characteristics after reaction image(s)
Strongly reconstructed Yes, also in Fig. 5.15
R > 2-3um Micrometric crystal (micelle correspondence| Fig. 5.16
[fig. 5.10b] aggregate precipitation) of the organic
crystals
Small crystals ? Yes, very intensd Fig. 5.17
R<0.5um Raman signal
[fig. 5.10c]
Almost flat, wave-like Fig. 5.17
reconstruction Oriented crystalline domains No
[fig. 5.12]

Tab. 5.5 Relationship between NaCl surface morphologyyfatid coating characteristics and nitrate which is
detected after NQexposure.

5.4.1 Oleate coated NaCl exposed to N@t RH=0%

In zones showing high NaCl reconstruction afterabpting, nitrates are mainly distributed in
the same zones as fatty acids. This can be olzbergein fig. 5.15, where optical and Raman
images are collected on an oleate-coated pellaisexpto NQ at RH=0%. The solid nitrate
distribution (in green, image b) can be comparethéodistribution of the organic signal (red
image, in ¢). The presence of micrometric crystallaggregations of fatty acid does not
prevent the salt reaction.

This situation is systematically observed over gveicrometric fatty acid crystal.

Fig. 5.15NaGg.i/NaCl pellet exposed to N@t RH=0%:a) optical image and the corresponding Raman images
reconstructed oh) solid nitrate (1068 cth) andc) FA (CH stretching in the 3000 chzone).
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5.4.2 Oleate coated NaCl exposed to N@t RH=55%

Similarly to the previous case, in fig. 5.16 we\sitbe optical and Raman images of the same
kind of tablet (oleate/NaCl) exposed to higher R33%). Solid NaN@ signal is collected
from every pixel of the image, but with differenitensities. The most intense signal,
revealing the highest surface concentration of pcads represented in image b with the blue
colour. In magenta there is the distribution oflegense solid NaN{signal. In green the
strong organic signal, coupled with weak nitrai to

The strongest nitrate intensities correspond toesgmain borders, where probably more
defects are present on the NaCl surface, there&fohancing the surface reactivity towards
NO,. On the rest of the surface the nitrate signstrithution is quite homogeneous.

Fig. 5.16 NaGg./NaCl pellet exposed to NCat RH=55%:a) optical image (100x) and the correspondi)g
Raman image. Nitrate signal is recorded in evéxglp Green colour indicates the presence of dmsignal,
the magenta the low intensity nitrate, in bluesgrsolid nitrate Raman signal.

We cannot detect any nitrate signal on zones wiadagively flat crystals are present. In fig.

5.17 the black pixels of image b indicate the absent product in correspondence of these
zones. We remind that we detected quite comp&néntous deposits of fatty acids on
morphologically similar zones (fig. 5.12). Thesdty acid configuration seem then to be
effective in preventing NaCl reactivity towards Neéven at RH=55%.

Fig. 5.17 NaCg/NaCl pellet exposed to NOat RH=55%:a) optical (100x) image ant}) Raman image
reconstructed by integrating the solid nitrate peak068 crit (white pixels).
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5.4.3 Palmitate coated NaCl exposed to N@t RH>75%

We report here an example of insoluble fatty acdted surface which reacted at high RH.
At this value of moisture the topmost layer of sh&face should be solvated. What we
observe after N@exposure is a further surface reorganisation.

Relatively flat crystals maintained their morphagtpgvhilst the zones with small NacCl
crystals reorganised to give more regular terracez (fig. 5.18).

Organic CH stretching signal can be recorded adlrdtie surface; in blue (fig. 5.18b) we
report an example of spectrum recorded on the l@mgace, indicated by a blue arrow.

Nitrate signal (in blue, fig. 5.18b) is only reced where we see the brighter crystals,
indicated by the red arrow.
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T T
500 1000 1500

Fig. 5.18a) Optical image of Nagg/NaCl pellet exposed to N@t RH=80%. Irb) the Raman spectra collected
on the surface. Ined the spectrum collected in correspondence of tighbrrystals where nitrate and fatty
acid bands are detectable. blne a spectrum collected over the central flat Na@si@i, where only the organic
signal is detected.

We already observed NaN@apped under the surface in the case of uncddéa€tl exposed

at high humidity (ch. 4.3.3). We find the samemtmaenon on coated pellets. In fig. 5.19
there are the optical images of Ng@laCl pellet exposed to N@t RH=75%: in a) the image

is focused on the surface, where some imperfeah gvants are visible as darker spots. In b)
the focus is set at Bm under the surface level and it shown the presehc®me material
with optical properties different from the surroimgiNaCl matrix.

Raman spectra are collected on (d) and beneathg®urface and both reveal the presence of
solid NaNQ, probably formed after the diffusion of N@to the surface cracks.
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Fig. 5.19 NaGg¢/NaCl pellet exposed to NCat RH=75%.a) optical (100x) image of the surfada) optical
image 8um under the surface. Raman spectra of solid eitied recorded on the surfgcg and under ifc).

5.5 Concluding remarks and atmospheric implications

The surface coating of (100) single crystals andpoffycrystalline pellets of NaCl with
sodium salts of palmitic, stearic and oleic fattyda was carried out by dip-coating technique
in an alcoholic solvent. The sodium salt of fattyda was chosen with respect to the pH of
sea water (pH~8). Unfortunately, the ethanol sdlweas required because it avoids the
dramatic reconstruction of the NaCl surface thauo®d when an aqueous solution was used.
AFM and Raman imaging provides evidence of a hgereous FA layer on the NaCl (100)
substrate. Nanometric-size deposits, probably maigig from solution FA micelles,
precipitated on the NaCl surface. In addition, caotpfilamentous deposit probably
constituted of tightly packed molecules in orientegstalline domains also lay on the surface.
These findings are reproducible but do not effitieprotect the NaCl surface from NO
uptake. The bare areas of unprotected NaCl anéabieato NaNQ formation after exposure
to NO, under moisture.

The difference in surface reconstruction and fattid coating behaviour on polycrystalline
vs. single-crystal faces of NaCl may be rationaliz®y the presence of specific surfaces
defects on the former: grain junctions can readisolve in presence of water traces in the
ethanol solvent so that surface roughness increagesicantly. The heterogeneous coating
could weakly hinder the deliguescence and the atenaittack by N@or N,O4. The grain
borders present in pellets probably promotes therbgeneous chemical process on pellets.
The effect of humidity on the reactivity of N@& analogous to the effect reported in chapter 4
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for uncoated substrates: the surface reorganizéeirpresence of at least a monolayer of
water and fresh NaCl sites are available to react.

A comparison with sea salt aerosol particles ct#l@en marine and Npolluted air masses
from many areas of the world provides some suitablerergence. Many studies have shown
a significant chloride deficit in aged sea saltogef (30-80%) and large amounts of NajNO
when compared to bulk seawater. This has beebwtid to reactions in the marine boundary
layer with inorganic nitrogen species. Single mdetianalysis of sea salt aerosol particles
collected with aerodynamic selective sizing by easc impaction in marine area has
improved the understanding of the reactivity amagh$port of sea salt particles.

Fig 5.20Single sea-salt particle of the 2.5-10 um sizetiioa collected at Dunkerque, Franeg.optical image
RH~60%;b) NaNO; Raman image RH~60%) secondary electron image RH~108);Na X-ray imageg) Cl

X-ray image;f) S X-ray image;g) C;Hs" (m/z 29) secondary ion image generated by @amary ion
bombardment in TOF-SIMS RH~0%) CsHs" (m/z 41);i) Mg™ (m/z 24).

The images in figure 5.20 taken from a recent Pig3is devoted to field studies of sea salt
aerosol particles indicate the complex internalingxstate of single sea salt partiffiRimetz-
Planchon J., 2007] Particularly, Raman imaging, atomic force micagsy (AFM) combined
with Energy Dispersive Electron Probe X-ray Micralysis (ED-EPMA) coupled with
Scanning Electron Microscopy (SEM) and Time-offiligsecondary ion mass spectrometry
(ToF-SIMS) have proven to be especially powerfeghtéques to demonstrate that a typical
single sea salt particle originated from marinena&iss with a high NOconcentration (~ 60
Hg m°) contains an internal mixture of deliquescent Nafystal, NaNQ@ and an organic
coating. The considerable fraction of NaiN&s an internal mixture with aged sea salt
particles comes from efficient scavenging of reetnitrogen species under high humidity
despite organic coating of the aerosol particleilgVie laboratory experimental models are
quite far from the complex reality of the atmosghsgome analogies can be done with true sea
salt: NaNQ has grown from the NaCl crystal under high relmtiumidity despite the
presence of an organic coating; this inefficientrieais due to a non homogeneous organic
coating on the surface. It should be noted thattyanic coating on field-collected particles
includes fatty acids as well as many other orgapiecies; some of them can condense on
particles in a second step (particles passing peuted areas enrich their carbon content)
and could also alter the ability of FA of forminghtly packed liquid crystal or micelle
structures.
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Chapter 6 - Reactivity study: gas phase charaaters

and uptake coefficient measurements
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6. Reactivity study: gas phase characterisation anduptake
coefficient measurements

6.1 Gaseous phase analysis

The gas phase composition and its temporal evolutigide suitable reaction cells were
monitored using FT-IR spectrometry in the mid-IRgiom. The spectra acquisition was
performed with a 4 cth spectral resolution in the 400-4000 trrange, with a number of
scans depending on the particular experimentalitond (see ch. 6.2).

6.1.1 NQ in a dry atmosphere

In tab.6.1 we report, in order of decreasing wawdper, the IR peak/bands positions and
attribution of the main reacting species, N8,0,):

wavenumber mode description molecule referenaeensity.
(cm™)

3258 Ge surface

3201

2918 V3tV NO, W m
2891

2362 V3 CO, w

2337

1754 V3 N204 w

1744 G

1744 symmetric stretch A, surface ads G

1740 NO, surface ads B

1628 V3 NO; P2 VS
1600

1318 V1 NO, P2 I
1270 V11 N,O4 W

1265 asymmetric stretchindN,O, surface ads G

1261 V11 N,O4 W

1256 I
900-660 Vo NO, wW I
760 V12 N204 W |
750 Vo NO, P2 I
<600 Ge surface

Tab. 6.1 Main gas-phase and solid-phase adsorbed (on theigkows) signatures of the species present in a
dry NG, IR spectrum. In the first column the band cenpragition or, in bold character, the positions fud t
more intense absorption lines at 4 tof spectral resolution are reported. In the sdamiumn the IR mode is
identified, in the third one the absorbing molecpecies is assigned to that specific transitimhia the fourth
there are the references used for the band assignmehe last column, when possible, the relaiitensities

of the IR mode referred to the more intense onaeperted, with vs=very strong (100-80%), s=stror00s),
m=medium (~15%) , I=low (<5%).
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All the IR bands reported in the tables of thisptka are assigned to the different molecular
vibration on the basis qPerrin A., 1998] (P), [Perrin A. et al., 1998](P2),[Weis D. D. et
al.,, 1999] (W), [Goodman A. L. et al.,, 1999]G), [Barney W. S. et al.,, 2000(B),
[Feierabend K. et al., 2004{F) , Hitran database (H) arjfiallou A. et al., 1998](HL)
works.

In fig.6.1 we report a N&(1% in He) reference spectrum as it is obtaineslinexperimental
conditions. We notice that the vibration bands dgpiof the dimer species.N,, are also
detectable (at 1745 and 1259 tm
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[oe]
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Wavenumbers (cm-1)
Fig. 6.1 FTIR spectrum (4 cthof spectral resolution and 16 scans/spectrum) ©f W% in He. The dimer
species MO, is also present (~7% of N@oncentration) and its bands are reported at t##5and 1259 cr.

6.1.2 NO; in a moist atmosphere

The presence of water vapor in the gas phase sceeghto generate many by-products. The
minor species in a moist atmosphere or depositedhenwall/windows of the cell are
consequence of chemical equilibria which have lpFeriously described in ch.2.3.

These NQ hydrolysis products, mainly HNGand HNQ, are formed at concentrations high
enough for being detected in our FTIR cell. Thiensities of their IR absorptions are very
low, sometimes very near to the noise level. A®m@sequence only qualitative observations
can be given. We report in tab. 6.3 the IR bandgaation of these new species.

Not all of these species can be detected simultehem all the experimental conditions, as it
is reported in tab. 6.2. As humidity increasessé¢hacidic species decompose (heterogeneous
reaction 2.6) leading to the formation of NO. Té&zondary reaction becomes faster at higher
RH and NO accumulates inside the reactor, whileai@lfel decrease of HNOand HNQ
signals is observed.

RH% Supplementary detected species Other obsengati

0 - -

20 HNO;,HNO; -

40 NO, HNQ,HNO; NO appears after 30 min

55 NO, HNQ,HNO, NO appears after 20 min

70 NO, HNQ,HNO; NO is present also after 5 min

Tab. 6.2Supplementary identified species in the gas phadelbR spectroscopy when [Nf3 = 8 x 10" molec
cm® at different RH%.
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wavenumber (cf) mode description molecule referengdensity
3591 v; (OH stretch) trans-HONO G

3551 v; (OH stretch) HNO; F VS
3400 V1, V3 Hzo w
2920-3055 VotVy, VotV3 HNO3; F m
2460-2710 VotVs, 3 2Vy HNO3 F m
2337 V3 Nzo w

2211 B

2224 V1 N,O H S
2150-2240 V3+Vs5, Vot+Vg HNO3; F m
1903 NO w

1875

1850

1876 NO G

1710 v, (NO, asymmetric stretch) HNO; F, P S
1708 v, (NO, asymmetric stretch) HNOs G

1703 N=0 stretching trans-HONO G

1680 HNOs surf. ads.B

1677 HNO; surf. ads. G

1650 V3 H,O W

1399 OH bending HNO; ads G

1339 V3 HN03 w S
1331 OH bending G

1326 v3 (NO, symmetric stretch) HNO; F, P S
1321 Va4 HNO3 w

1314

1315 v3 (NO, symmetric stretch) HNO; surf. ads. G

1303 v4 (H-ON bend) HNO3 F m
1285 V1 N,O H m
1263 v4 (H-ON bend) HNO, B, G

1206 Vgt+Vg HNO3

896 2Vg HNO3 P

879 vs (NO, bend in-plane) HNO; F.P,G | s
879 Vg HNO3 w

869

868 Vg cis-HNG, w

853

842

806 W trans-HNQ W

791

777 I
763 vg (NO, bend out-of plane) HNOs; F,P,G | I
647 Vs (O-NQO; stretching) HNO3 F,P,G | |

Tab. 6.3 Gas-phase and adsorbed phase (on the Ge windBwsighature of the minor species present in a

moist NG, atmosphere.
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Whenever the solid NaCl is put in contact with titgogen dioxide in a closed reactor, NO
and CINO are respectively depleted and formed ie t¢as phase, according to the
heterogeneous reactions described in ch. 2.4.térhporal evolutions of their concentrations
are RH dependent, and a more detailed analysiseofkinetics can be found in chapter 7.

We report in fig. 6.2 a CINO reference spectrunit éss been obtained in our experimental

conditions.

0,36
0,25
0,26

0,15

Absorbance

0,16

3552

395
2139

3500 3000

Fig. 6.2FTIR spectra at 4 cthof spectral resolution and 16 scans/spectrum RfXCI

" 2500

1809

2
12119

2000

Wavenumbers (cm-1)

1789

1613 NO2 res

1500

604

1000

The IR transition frequencies of the main produftshe NaCI/NQ reaction are reported in

tab. 6.4.
wavenumber (ci) mode description moleculeeferenceintensity
3564 2V1 CINO HL I
2830-2700 V1 HCI W S
2395 Vi1+V) CINO HL
2139 V3t+Vq CINO W, HL
2132
2119
1809 Vi CINO W,HL |vs
1789
923 Vo+V3 CINO HL
595 Vo CINO HL m
Tab. 6.4Main gas-phase and IR signatures of the expectedlpts of the heterogeneous reaction between NO
and NaCl.
132
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Gaseous HCI, even if expected between the pro@dsdts eq. 2.14, is actually not observed in
the FTIR spectra collected. Almost all previous kgoreport the impossibility of detecting
HCI, the gaseous product of the “wet” MRaCI reaction. Only ifWinkler T. et al., 1991]
the authors experimentally found that HCI (and HN€@an be formed as the results of a
partial hydrolysis of CINO on the NaCl surface. Theghors detected the gaseous species with
a mass spectrometer right in front of the NaClaabamples.

Consequently it is not astonishing that we coultl detect gaseous HCI by IR: even in the
case it is one of the reaction products or by-pet&gllknown its high Henry’s constant, it will
have a preferential repartition to the aqueous @lvelsich can be adsorbed on the salt or
reactor walls. We have verified this by introdugrigaseous N@inside the empty reactor in
which NaCl was previously exposed to the reactia® g he reactor was pumped and purged
with dry N, for several times, but deliberately not internalhysed with water. We observed
the formation of gaseous CINO once N@as introduced in the reactor. Therefore we
concluded that HCI was still adsorbed on the reasimlls and that it reacted with N@s
described in reactions 2.19 and 2.20 to give bdbikOC

Other species which were already observed in nooistlitions in absence of NaCl (HNO
HNO,, NO), are still detected when the reactive surfagetroduced into the reactor (see tab.
6.5).

As observed when NaCl is not present, HNEIgnal has a general tendency to diminish
throughout the reaction, probably because of tiskig” character.

HNO, behavior is somehow now more complex becausesfiesies can derive from both
NO, and CINO hydrolysis. As nitric acid, HNOnhas the tendency to diminish, but only at
higher RH. Its IR absorption intensity is too cldsethe noise level to allow us any more
detailed description.

NO formation seems to be retarded in presence @f l[dad can be detected over the noise
level only when RH>50%.

Solid phase| RH% | Supplementary detected species r Gltservations
NacCl 0 -
20 HNGO;,HNO; Very low quantities of acids
40 HNG;,HNO;
55 NO, HNQ,HNO, NO appears after 30 min
70 NO, HNQ,HNO; NO is present even after 5 min

Tab. 6.5 Supplementary identified species in the gas phgseTiR technique when [N, =8 x 10" molec
cm®is put in contact with NaCl at different RH%.

6.1.4 NO;in a moist atmosphere in presence of insoluble figtacids coated NaCl

When an insoluble fatty acid coating is presentolserve the formation of the same gaseous
species already described in 86.1.3. We do notctgtarticular differences between the
coated/uncoated NaCl surfaces reaction gaseousgisod

The same N@or CINO hydrolysis products are detected when Rtddases. They are listed,
in function of the experimental conditions, in t&ks6.

As in the previously described cases, HN(Dd HNQ appears as soon as some water vapor
is present in the reactor.

The by-product NO appears again with some retandatiThis delay is shortened at higher
RH values. The Ge-window adsorbed acid speciealapedetected.
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Solid phase | RH% Detected species Other observations
NaC¢/NaCl | 0 -
20 HNGO;,HNO;
40 HNG; NO appears after 1h
55 gaseous andsurface adsorbedNO appears after 20 min
HNO;, HNG;,
70 NO, HNQ,HNO; NO is present even after 5 min
NaCl8;1/N8C| 0 -
20 HNG;,HNO; Very low quantities of acids
40 HNG;,HNO;
55 NO, HNQ,HNO; NO appears after 1h
70 NO, gaseous and surface| NO is present even after 5 mi
adsorbed HNG) HNG; F

Tab. 6.6 Supplementary identified species in the gas pbgdeTIR spectroscopy when [Nf3 = 8 x 10"* molec
cm?is put in contact at different RH% with sodium pahte (NaGg) or oleate (Nag.,)-coated NaCl.

6.2 Experimental conditions optimisation

In our experimental apparatus<8.0"> molec cn? is the lowest reasonable MEbncentration
that can be used when M@inetics is followed. At lower concentrations weach the
detection limit of the FTIR spectrometer, whictofs 4 x 10" molec cn? when 32 scans are
accumulated for one spectrum. In any case thesditmrs are still very far from the real
atmospheric average values of the A®Iluting species, which are aboutx110® more
diluted. Nevertheless these values are in the cdraten range which is experimentally used
by many works concerning NaCl/N@eactivity, like in[Finlayson-Pitts B. J., 1983]Peters

S. J. et al., 1996hnd[Yoshitake H., 2000{see table 2.1).

In this work two types of experimental conditionsva been chosen for exposing NaCl to
nitrogen dioxide, differing for the reactive gasicentration and the IR cell material:

Low [NO,] exposure:

These experiments are carried out for reprodudiegsame conditions of previous works
in which the same reactor was u$adhnatios C., 2008]We expose 6.94 chof NaCl to
NO, at (8.4+0.3)x 10" molec cn? inside the Teflon cell at different RH (0-85%).€Th
gas phase evolution is followed over 30 minutesdwprding a spectrum every 30 s (32
scans/spectrum).

High [NO,] exposure:

We expose 13.89 crof NaCl to NQ at (8.7+0.3)x 10'°® molec cn? inside the halo-
carbon wax glass cell in a range of relative huti@gifrom 0% to 75%. The gas phase
evolution is followed over 1 h by recording a spect every 30 s (16 scans/spectrum).

6.2.1 NQ inside a static reactor: measurements of reactiorates and constants.

The first set of measurements at low [N@ives some preliminary results which are
afterwards used for optimising the experimentaldions.

Mainly two different processes are involved in tbleserved N@ depletion, as already

mentioned in ch. 3.5.1: the real heterogeneougioeds) and the losses on the reactor walls.
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We report in fig. 6.1 an example of gaseous phaSg dépletion in the empty reactor and in
presence of NaCl (no water vapour is present irgseous phase).

. o reactor
Gaseous NG, depletion = reactor + NaCl

9 le"i
6'&\ E .:oooooooo
o 8 x105 '..-'ooooo°°°°°°oo°° 00 o
8 ] i © 0 000 0000 _
S ] e, SC
£ . "
~ i L h"’- -
§ 7 x10% .
@) |
Z |

6 de‘q‘ T T T T T T T T T T T T T T

0 500 1000 1500 2000

t (sec)

Fig. 6.1 Gaseous N@depletion inside the static reactor (empty circhasd in presence of NaCl (filled squares).
[NO,], =8.6x 10" molec crit.

For describing the kinetics of these two processemtroduce the rate constantg:land k.
so that their reaction rates can be reported,arctise of a first order process, as described in

eg. 6.1 and 6.2:
(6.1) NQ (g) + NaCl(s)— products Ne=Kne{NO2]
(6.2) NQ(g) O ¥~ NO,(ads) Wali=Kwal[NOZ]

When the heterogeneous reaction 6.1 occurs inkeleeactor, the experimentally observed
NO, depletion rate, 35 is then the result of these two different proesss

(6.3) NQ(g) + NaCl(s) O ¥ . products + Ngads) Vbs=Kobd NO7]

If we assume that the heterogeneous reaction amdwHil losses are two independent
phenomena, we can express the observegdéPletion rate as the sum of the heterogeneous
reaction and wall loss rates (eq. 6.4):

_dING,] _
dt

(6.4) Vobs = Kobs [NO2] = (Knet + Kwan)[NO2]

For determining the real heterogeneous reactioen tihnese two components have to be
separated; Jscan indeed be considered as the result of tharlioembination of j; and
kwai. In this way the heterogeneous reaction constmbe calculated as in eq. 6.5:

(6-5) le=Kobs Kwal

Where ks derives from the observed depletion rate of,Ot in contact with NaCl inside
the static reactor, and,dq is measured from the observed N@depletion rate in the empty
reactor.

From the integration of eq. 6.4, we obtain the #iqnaof a straight line (eq. 6.6) which can
therefore be used for the experimental determinaifdhe rate constants values:
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(©.6) [NO,,

= - Kobs 't

Where [NQ]o is the initial NQ concentration (t=0).

[NO,]
INO, |,

NO,, v3, centered at 1615 ¢hin the interval [1576-1649] cthwith a correction for a linear
baseline [1163-1944] cfn In some cases the spectra need a correctiontisasting/adding
the water vapor spectrum that causes some intademsith the N@bands.

The integrated ared gives a better sensitivity and a higher S/N rdahan the simple
absorption intensity at a certain wavenumber.

The ratio is determined by integrating the area ofrttest intense vibrational band of

When InAA quantity is plotted in function of the reaction &ry the graph will be a straight

0
line if the initial hypothesis of first order kine$ are actually verified.
In fig. 6.2 we plot this quantity for the same esipeental data previously taken as an example
(in fig. 6.1). We can indeed observe that the behaus linear at the beginning, while it has
the tendency to deviate for longer reaction tinthse to saturation processes both on the
reactor and on the salt surfaces.

1st order NO», loss

0 500 1000 1500 2000
O ] | | |
o reactor
-0.057 P06 » reactor + NaGl
< % oOOO (3 00 o
/o\ '01 n o O O
< 0o CoQoR o
3 I..... -.. oOOOO OOOQDOOOO
£ .0.15 .
l-.....H-.
0.2 LT
[ |
-0.25 (5e0)

Fig. 6.21nitial linear behaviour for the N{depletion inside the static reactor in presenitiedfsquares) or in
absence (empty circles) of NaCl reactive surfat@e straight line corresponds to a first order kindoss of

NO,. [NO,], =8.6x 10" molec cnit.

6.2.2 Optimisation strategy

We already knew from previous works that N®@activity on NaCl is quite weak; the general
consequence is a more difficult discrimination kedw the heterogeneous reaction and the
NO, wall loss. Indeed, if Jg is the main process occurring, because of a vl s
heterogeneous reaction, further data exploitati@t®me difficult or even impossible.

To be able to observe the heterogeneous processrirexperimental set-up we have to
maximise the k= Kops- kwai difference. We carried out the following actions:
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It leads to a lower wall absorption rate, probabgcause of a faster wall surface

It is better discussed further ch.3%.2

Increase of the reactive surface:

by doubling the number of the exposed NaCl tabietdlows to increase the observed
Knet coOntribution to NQ depletion.

Reduction of ki, by choosing a different reaction cell material:

a glass cell is internally coated by an inert batbon wax and is used instead of the
Teflon cell. The internal walls in both cases aydrb-repellent and chemically inert,
but Teflon seems to be a porous material for,S{Dce it is not an efficient barrier
against small gas molecules passage. On the cpnjtass, being relatively non
porous to gases, minimises this wall loss. We piothes with different tests (not
reported here) on a third, home-made, cell, in Whie thickness of the Teflon walls

1)
saturation.
2)
3)
could be modulated.
6.2.3

Increasing NQ concentration:

We report here some examples on how increasing]gN@e can improve the measurement

of the rate constants.

Empty reactor

An example of decreasing NQwvall depletion by increasing its initial concetiba is
reported in fig.6.3. The slopes on the graph represhe observed experimental rate
coefficients for the N@taken up by only the Teflon reactor walls and veiwd. Initial NG
concentration is varied from=10" molec cn? to 1x 10" molec cn.

Empty Teflon cell+ NQ at different concentrations

0.00 — ‘
-0.02 \-\ | =
-0.04 R i
u ?\
-0.06 \
;':O\ n
[ |
< 008 AN
£ 3
-0.101—
¢ [NO,], =1 10®molec cm? M
. . [ ] n
-0.127—= [NO,], = 2 10 molec crm® s .
INO,], = 4 10/ molec cr? " \ .
-0.141— ‘ ‘ N
[NO,], = 1 10 molec cm? y = -2.5x10 - 1.1x10°
-0.16 ; ;

100

200 t (sec) 300

400

500

600

Fig. 6.3 A Teflon cell and different [Ng, at RH=0%: the slopes indicate the wall loss ratéstial NO,
concentration ranges fromx110'° to 1x 10" molec cn?.
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We can observe that, increasing by a factor ofhEQinitial concentration of N§ the wall
loss rate diminishes of approximately 65%. At leigilNO, concentrations the non-reactive
surface saturation process on the walls of thetoe&s; indeed, accelerated.

Reactor with NaCl

At the same time, by increasing [N@ a higher heterogeneous reaction rate is measased,
reported in fig. 6.4. The heterogeneous compoaeatgiven [NQ| is the difference in slope
between the two experimental curvegstkand k.. In this figure we can have a direct and
visual comparison of the behaviour of the initi@Nkinetics in the glass cell when it is filled
with ~ 1x 10'° (a) and at ~ ¥ 10" molec cnt (b) of reactive gas in dry conditions. The first
observation is the neat evidence of the heterogengmocess when the higher NO
concentration is used because of a NaCl/N&ctivity magnification.

a) Empty cell vsNaCl RH=0%
[N02]=8x1015 molec/cril (373ppm,)
0.007 -\\AA A
-0.02 DS
-U. N 2 Y
-0.06 1 \A‘
~> -0.08
<
< -0,10
£
-0.12 1
0141 A empty cell___y =-0.0002x + 0.005
-0.16 T A NacCl —y=-0.0002x+0.00
-0.18
'020 T T T
0 100 200 300 400 500 600t (sec)
b) Empty cell vs NaCl RH=0%
[NOZ]:8x101L6 molec/cr (3730ppm)
0.00- .
=N
-0.02 N B —
o —jm— ﬂ"'ﬂ\,
-0.04 oo o
-0.06 |
~ -0.08
< [ )
< -0,10 \.
= n
012 \
o empty cell y =-0.0001x + 0.002
-0.14 1T
mNaCl  y=-0.0004x+0.017 \
-0.16 T \
-0.18" \_
-0.20° ‘
0 100 200 300 400 500 600t (sec)

Fig. 6.4 NO, kinetics in the glass cell (RH=0%) representedng&/A) vs time. Ina) experimental data for
[NO,],=8.4 x 10" molec cn, in b) data for [NQ],=8.7 x 10'® molec cn¥. The empty cell values are presented
in empty squares; when 8 tablets of NaCl are mitlenthe reactor the data are presented in filp@es.
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Other advantages

There are some other advantages in choosing hi@h] [@kposure conditions:
a) an improvement in the kinetic temporal resolution,

b) a better quality data for the kinetic measurements

c) adirect NO, kinetics measurement.

a) As a matter of fact each interferograms accutimaakes ~30 s when 32 scans are
recorded, with the result that individual specepresent the mean value taken over 30 s
of changing extent of the reaction rather thanngtantaneous snapshot of the system.

By increasing [N@o the number of scans per spectrum for achievingtefactory
resolution is lower: each accumulation takes onl¥ ~s so that a better temporal
resolution of the kinetic is achieved.

b) Another important advantage of increasing pN® a better quality in term of S/N of the
collected gas-phase IR spectra, an aspect induggiter precision in determining the
NO, peak area (A and /A The obtained values, used for reconstructing Kimetic
profiles, result in less dispersed points in thi@&IA,) vstime graphical representation, as
it can be seen by comparing fig. 6.4a and 6.4b.mMam effect is to lower the parameter k
error.

With a higher S/N ratio the temporal profiles of NGQINO and even pO, can be
analysed more in details and used as enteringmataeactivity model, described in ch.7.

c) Working at such high N@partial pressures between 4 and 5% of the totgl i@ the
form of the dimer species; the presence gd\starts to become so important that a direct
measurement of its IR signature is possible. Thjsindeed, the first time that,Q,
kinetics are directly experimentally measured fetedmining the uptake coefficient of
N>O, on the NaCl solid phase.

All these overviewed aspects guided us to the eh@mt the optimized parameters,
summarised under the “high [NDexposure conditions at the beginning of thisgupiaph.

6.3 Uptake coefficient following NQ depletion

The aim of these uptake coefficient measuremengsfaaction of the relative humidity is to
see if the insoluble fatty acid coating on NaCl haseffect on its reactivity towards NO
With this purpose we follow via FTIR spectroscopg tgaseous phase depletion of NO
static conditions. As previously discussed (89,2He measured Nprofile gives access to
the estimation of dgsparameter which can be corrected by the wall loflggs) for obtaining
the real heterogeneous reaction compongat K. is measured in the same reactor, in the
same experimental condition, but in absence of NaCl

The so obtainedk: can be introduced in the uptake coefficient exgioes (2.28) already
described in ch. 2.4.1:

(2.28) y= av Kot

(s

We associate to this measured uptake coefficiemtriam (eq. 6.7) deriving from the standard
deviations of the linear fitting parameteeg) (and considering the errors on V, S arid®Tas
negligible compared to it:

85587 s used for calculating <c>, the average vejoeftthe reactive molecules in the gaseous phase.
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6.7) € +8k
. 8 - _obs wall
Y Tk

obs wall

When more than one experience is repeated in the sanditions, the averaged valueya$
kept and the associated error is the dispersioheofvalues:

(6.8) € = (Ymax = Ymin )/2

In reference work the reaction rate is often sutggetd be of order 2 in [N£in absence of
water vapour (see tab.2.1). If it was the case, ekgression 6.1, 6.2, 2.28, and all the
previously described mathematic data treatmentdcoat be used any more because they are
set for a first order reaction rate. For this reatite literature values are usually referred to
N204.

Nevertheless the aim of this study was not to nreathie reaction order in presence of a fatty
acids coating and in different RH conditions. Wipose first order kinetics fgs, and when

NO . . ,
we plot Ing vstime we always observe a linear behaviour of thi&a dor at least the
210

first 230 seconds of the experiment (equivalerih&o8 experimental points used in the fitting
procedure). In this way our initial hypothesivésified.

We report here an example of experimental deteimimaf y, in the case of N@NaCl at
RH=0%. The evolution of NOIR signal (the integrated area A) in presence @aCNhat we
can observe in the optimized condition is showfgn6.5:

NaCl+NO ,; RH=0%
20

19
184 ™
17 .
16

15-

Integrated area (cm?)

A e, LT LI -
| i U -.---------u---

1 L T
10

0 500 1000 1500 2000 2500 3000 3500 4000
t (sec)

Fig. 6.5A typical profile of[NO,] evolution measured as the integrated area ahdst intense IR peak when
the gaseous phase is put in contact with NaCl at@®k [NO], =8-13° molec crit.

In the same conditions we record Névolution when no reactive surface is present.

We plot for both experiments the grapn% vs time (fig. 6.6) from which we can
0

measure, through the slope of the straight lipg,and k.
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rate coefficient (s ° empty cell
= NaCl
—
-0.01
y = -1.95x10°% + 1.86x10
R =0.987
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-0.071
-0.097 y= -3,65x104x -9.33x10°
R’ = 0.996
-0.11 : : : : ,
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Fig. 6.6Rate coefficients with/without NaCl RH=0%. [N[9=8-13° molec cn?.

In this case §=3.65x 10 s* and ky=1.95x 10* s,

The average molecule velocity in the gaseous phese, is temperature dependent (eg.
2.22), and T can slightly vary from one experimgnthe other. For assuring no influence of
this fluctuation on k., we subtract the rate constants already nornthliazethe calculated
<c> at the specific experimental temperature:

In this outlined case:

-4 -4
_ Kops _ Ky _ 365%10° _195x10° _ | o o

() (c) (c) 36880 36936

The initial uptake coefficient value can then b&wgkated introducing the reactor volurive
and the reactive salt surfaSe

-9
y=av e = 4p1002X107 _ 5 29, 107
(c)S 13.89

£ £ M N
g, =yll—e= + s |= 2 79x 107 s ) Y R RS T
k 365x10™  195x10

obs wall

Vo= (2.79 +0.13% 10"

6.3.1 Low [NO;] experiments:

In fig. 6.7 we report the measured N@ptake coefficients for the low [NPexposure of 4
tablets of the pure NaCl salt or coated with Na@ NaGg.; as a function of the relative
humidity. The averaged results of the repeated umeasents are resumed, with their
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associated experimental error, in tab. 6.7. Icadles the wall loss correction is far beyond the
maximum recommended value of 40% consequently ptieces have to be taken in results

NO, uptake coefficient on NaCl

= NaCl
A Na palmitate/NaC
Na oleate/NaCl

interpretation.
4x107,
3x107
=) ]
> 2x107 "
u
1x107| -
A
4 A .
0 15

35 55

RH%

Fig. 6.7Measured N@initial uptake coefficientyp) as a function of RH%; [Ngy=(8.4+0.3%x10" molec cn?.

solid phase RH% Yo wall loss correction (%

NaCl 0 (1.7 £0.7)x 107 48
15 (1.4 +1.0)x 107 70
35 (2.8 +0.9)x 10”7 66
50 (2.4 +1.2)x 10’ 74
85 (1.8 +2)x 10’ 85
NaC¢/NaCl 0 (7 +£7)x 10° 68
15 (8 +7)x 10° 80
35 (1.4 +0.9)x 107 80
65 (1.9 +1.7)x 10’ 81
80 (0.8 +1.2)x 10 93

85 - >100
NaCg./NaCl 0 (1.9 +0.7)x 107 45
30 (1.3 +0.8)x 10 79
50 (2.0 + 0.9)x 10" 77
65 (0.9 +1.0)x 107 90

85 - >100

Tab. 6.7 Averaged measured N@nitial uptake coefficienty) as a function of RH%; [Ngy=(8.4+0.3)x 10"

molec cn.

Even if strongly affected by wall losses, the dsti#l can give some information on the
general trend of the reactivity as a function ofnindity:
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- NaCl reactivity increases with increasing RH, reaghthe maxima values between
35-60 RH%. This is still true when the surface tated by sodium palmitate and
oleate;

- When F.A. covers the reactive surface they lowerrdactivity of approximately 50%
with the difference between the absolute valueg imicreasing with increasing RH.
The reactivity lowers again for RH>75%.

- Comparing the obtained values with the previous suesments done on the same
reactor [Aghnatios C., 2008] where the wall loss correction was not taken into
account we obtain uptake coefficient values smaleone order of magnitude.

6.3.2 High [NO,] experiments:

In fig.6.8 we report, as a function of RH%, the sw@ad NQ uptake coefficients for the high
[NO,] exposure of 8 NaCl tablets. The reported erras ba x and y are the instrumental
incertitude on the measured RH and the assoamésdure errcg, respectively. The plotted
curves have simply an eye-guide function. The Na@lets can be dipped in EtOH (in blue
in the graph) or in a ethanol solution of NaCGn red) or NaGs:; (in green).

The averaged results of the repeated measuremeatsesumed, with their associated
experimental error, in tab. 6.8.

NO. uptake coefficient on NaCl

4x108]

3x109,
o ]
> 2X106»f

= NaCl
A Na palmitate/NacCl

, Na oleate/NacCl
0 ’ ] T T T T T T T

0 10 20 30 40 50 60 70 80
RH%

Fig. 6.8 Measured N@initial uptake coefficientyp) as a function of RH% at [N=(8.7+0.3)x 10'° molec
cm?®. The plotted curves have a function of eye-guide.
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solid phase RH% Vo wall loss correction (%

NaCl 0 (3.8 +0.2)x 107 31

20 (2.2 £ 0.2)x 10° 17

40 (3.2 £ 0.2)x 10° 24

55 (3.2 + 0.2)x 10° 26

70 (2.78 + 0.04% 10° 28

NaC¢/NaCl 0 (5.0 + 0.4)x 10 26
20 (1.71 + 0.14) 10° 21

40 (2.3 +0.2)x 10° 31

55 (2.01 + 0.13) 10° 36

75 (2.3 +0.2)x 10° 32

NaCyg./NaCl 0 (4.0 + 0.2)x 10”7 30
20 (1.27 + 0.09) 10° 26

40 (1.70 + 0.13) 10° 37

55 (2.07 + 0.14) 10° 35

65 (2.2 + 0.2)x 10° 28

Tab. 6.8 Averaged measured N@nitial uptake coefficientyg) on NaCl and palmitate or oleate-coated NaCl as
a function of RH% at [Ng}=(8.7+0.3)x 10'® molec cn.

The experimental points are much less dispersegaed to the low [Ng)y measures and
all the wall loss correction factors are inferior40%. This is an indicator of reliability for
this set of experimental data.

The main observations that derive from the exparmialevalues are the following:

- Compared to the low [N£ experiments the absolute values for the uptalefficeent
are here multiplied by a factor of 10, showing gpeatelence off NO,/NaClon the
used gas trace concentration.

- The reactivity of the NaCl/NOsystem increases with increasing humidity with a
similar trend observed at low concentration. There factor of 4 between the uptake
coefficient at 40-55 RH% and the one obtained w abnditions. At RH%=70 the
reaction seems to slightly slow down.

- When F.A. cover the reactive surface they lowerrdaetivity of about 30% with the
larger difference betwegnvalues in the 40-60 RH% range.

- For the palmitate-coated surfaces the uptake ooexftiis constant above 40% RH.

- For oleate-coated surfaces the uptake coefficieems to increase monotonically
with the humidity, but the absolute values are carable to the palmitate-coated
ones.

A direct comparison of the obtaingdvalues with the literature ones is only possibiehw
[Yoshitake H., 2000vhere the uptake coefficient was measured follgWi©; formation on

the surface by DRIFTS in the same [N§&range used in our experiments. On NaCl surfaces
which were previously exposed to water vapour, tfegort a product formation rate of order
1 onpyo, - This further confirms our initial assumptiofs@experimentally verified, that the

uptake follows a first order kinetic. In this wotke author reports, at RH=0%, a value
of yo=(1.5+0.2x10° on moist salt, to be compared to gyr(3.8+0.2x10° obtained at
RH=0%. Taking into account the experimental diffees between the two works and the

discrepancies of some orders of magnitude betwgealues obtained with different
experimental set-ups, the two data are in quitelgmreement.
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6.4 Uptake coefficient following NO, depletion

In the reactivity experiments where high Ni@itial concentrations are used the IR signature
of the dimer NO, is sufficiently clear to allow to follow its kinies. From the equilibrium
constant, [MO,] = (2.0+0.3)x 10" molec cni are estimated to be present in the reactive
system, so that about 4.5£0.5 % of N®under the form of pO..

In this case we can, for the first time, gain ascesthe direct measure of the order uptake
coefficient of NO4 on NaCl and no objections to the data treatmemtgature because of the
hypothesised 1st order uptake and obtained datdeathrectly compared to the ones given
by previous works.

Similarly to NG,, N,O, signal is followed on its most intense band, labedsvi;, centered at
1265 cn', and integrated in the interval [1288-1229]twith correction for a linear baseline
[1288-1209] crit. An example of the temporal evolution of the iegrated area of 0, at
RH=0% is given in fig. 6.9:

NaCl + NG RH=0%

0.40

Y

= 0.35 =
0.30 1
0.25 .
0.20 Mo

0.15— b .".l. .-'. =
n .'-. E. '.’-'l'l--

n FELLE ") ] .I..

0.10 - Rk Fal it

N204 integrated area(cm
]
]

0.05 1

OOO T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

t(sec)

Fig. 6.9A typical profile of[N,O4] evolution measured as the integrated area of {tlR peak when the gaseous
phase is put in contact with NaCl at RH=0%,( =(2.0+0.3)x 10> molec cn.

The initial uptake rate is determined as in theeaasNG, from a linear fit ofln%vs
2~410

time from where we can determine, after correctarthe wall absorption, the initial reactive
uptake coefficient.

In fig. 6.10 we report the measuredQ¥ uptake coefficient values for the high [BO
exposure of 8 NaCl tablets simply dipped in EtOHcoated with Nag or NaGg.; as a
function of the relative humidity. The averagedutes of the repeated measurements are
resumed, with their associated experimental emdgb. 6.9.
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Fig. 6.10Measured B0, initial uptake coefficient as a function of RH%!,,]o=(2.0+0.3)x 10" molec cn.

correction
solid phase RH% Yo %
NaCl 0 (9 +2)x 10’ 28
20 (7.4 £ 0.6)x 10° 5
40 (7.1 + 0.8)x 10° 7
55 (8.1 + 0.8)x 10° 16
70 (5.94 + 0.19) 10° 15
NaC¢/NaCl 0 (1.5 + 0.4)x 10° 20
20 (5.0 + 0.6)x 10° 4
40 (5.9 + 0.7)x 10° 8
55 (3.8 £ 0.6)x 10° 29
74 (4.2 + 0.2)x 10° 20
NaCig./NaCl 0 (1.5 + 0.3)x 10° 20
20 (3.1 £ 0.4)x 10° 10
40 (4.38 + 0.02)x 10° 11
55 (3.3 £ 0.6)x 10° 32
70 (4.23 + 0.08) 10° 27

Tab. 6.9 Averaged measured,, initial uptake coefficient as a function of RH%[&LO,]o=(2.0+0.3)x 10"

molec cnit.

Once again the corrections by the wall absorptrerbalow the 40% suggested limit.

A decreased S/N ratio caused by weaker IR absogptd NO, reflects on increased relative

uncertainties.
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The effect of water vapour on the heterogeneousivey is reported bySverdrup G. M. et
al., 1980] with high RH increasing of a factor of ten theQy uptake coefficient on sea salt
particles. We observed a similar, but less pronedneffect in our experiments, with the
difference that the reactivity does not seem to @wmmically increase with humidity content.

Also the relative intensities gf between the coated/uncoated NaCl are maintainecehs
even if the differences become less evident becaiuaa increased data dispersion: the F.A.
presence induces a lowered heterogeneous reaahatyout 30%.

Comparing with previous work, we notice that theake coefficients we have measured are
situated between the lower values of (1.3+&3)0° measured on NaCl(100) jReters S. J.

et al., 1996]andy= 10 + 10° (RHO + 88%) reported for sea salt[Bverdrup G. M. et al.,
1980], and the highey ~10° obtained on NaCl particle§Y(oshitake H., 200Q][Li H. et al.,
2006]). These works mainly differ for the surface statmsl defect sites, reflecting into
uptake coefficients sweeping over two or three raé¢ magnitude, as already suggested in
[Peters S. J. et al., 1996]

6.4.1 Comparing NO; and N,O4 uptake coefficient

We can directly compare the absolute valueg abtained by following N@and NO,. We
consider that MW, , =2 MW, and suppose that at every instant we are in thelilgrium

conditions regarding the dimerisation/dissociatreaction of NQ/N,O,4 (eq. 2.1), so that
their concentration are linked by a dimerisationstant:

(6.9) [N204] = Kdim[N02]2
We obtain the relationship between the two measuptdke coefficients as described in eq.
6.10 and 6.11:
(610) yN204 - szO4 <C>NOZ
yNOZ kNOz <C>N204
(6.11) Yn0, = 2\/§VN02 = 28 Yo,

We can plot the ratio between thedy and NQ uptake coefficients measured following their
depletion, as in fig. 6.11.

We can see that this ratio is actually between @ &6, with a slight tendency to decrease
(~30%) for higher RH values. This cannot give magtats about the mechanism or which of
the two species are involved. The comparison batvwhe uptake coefficients obtained by
following these two species is a further prooflwé fjuality of the measurements and consists
of an internal cross validation.
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Y N2O4 /y NO3 at high [NO,]

47
| + NaCl
i . = NaC16/NacCl
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Fig. 6.11N,0, and NQ initial uptake coefficient ratio as a function RH% at [NQ],=(8.7+0.3)x 10" molec
-3
cm”,

6.5 NaCl reactivity following CINO formation

The static exposition conditions used in our experits allow us to follow the gas-phase
kinetics of CINO because of its accumulation inside reactor (see fig. 6.13). [CINO] is
determined by integrating the area of its mostns¢elR absorption, the; band centered at
1801 cnt, in the interval 1826-1776 chwith a correction for a linear baseline 1163-1944

cm™.

CINO formation in NaCHN®@RH0%
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1.6x106"
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1.0x106 /
8.0x105 1 4
7 4
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*
*
*
LJ
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Fig. 6.13 Gaseous CINO formation when B@nd NaCl are put in contact in a closed reactoRId£0%.
[NO,],=(8.7+0.3)x 10" molec cri?.
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As previously described in ch.2.4.1, this leadth® measurement of the reaction probability
coefficient, directly derived from the product faation for the reactions 2.10 and 2.11.
From eq. 2.29 we can obtain the following exprasd$a this kinetic parameter, referring to

NO, and NO, respectively:

_8v dcINO|
©12 T (YoR [

_4v  dcINO|
619 TS (NS

The production rate of CINO is calculated by adingétting over three values of [CINO] as a
function of t (a graphical representation is in. f6g14). An error deriving from the linear
fitting (the slope standard deviation) is assoddteevery calculated rate.

CINO evolution in NaCl+NO; RH55%

2.0x10° —

1.5x10%

\
d[CINOJ/dt = 8.8*10"°@ t=80s

0.5x10%

[CINO] molec cm®
|_\
o
X
RN
%

d[CINOY/dt = 1.1*10°@ t=51s
O ) T T T T T
0 50 100 150 200 250 300

t (sec)

Fig. 6.14CINO rate production determination: a linear figtiover 3 consequent points of the [CING}ime.

This formation rate is strongly time-dependentases of high RH. In fig.6.15 we report i.e.
the production rates as a function of the starpomt of this fitting for two experiments at
RH=0% and RH=55% respectively.

d[CINOY/dt

1.4x104 + RH=0%
o RH=55%

y = 1.7%10% - 8.1*10 'x + 1.3*10™

molecules crit
o
()]
X
H
Q
>

0ox1ad_ Y 1.0:16% - 5.7*10 %+ 1.7*10"®
22X ——— e N R

|

0 50 100 150 200 250
t(sec)

Fig. 6.15CINO formation velocity on the uncoated NaCl soefas a function of the position of the first figi
point at two different humidities. [NQ=(8.7+0.3)x 10'° molec cn?.
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In both cases CINO production rate in the gasetasgis maximum at the beginning of the
reaction and decreases as long as the reactioequ®cThe time-dependence is much more
pronounced when RH=55%.

For this reason the initial reaction rate is esteday fitting with a second-order polynomial
the CINO formation.

The resulting reaction probability coefficientsengtd to the N@species as the reactive one
are reported in fig. 6.16 for the high [Ml@xperiments (the plotted lines are a eye-guide):

Initial reaction probability of N@on NaCl

8x10%

7x109 |

6x105 -

5x106

4x10%

¢,(CINO)

3x106

2x108;

¢ NacCl

1x105 ®  Na palmitate/NacCl

Na oleate/NacCl
0 ) T T T T T T T
0 10 20 30 40 50 60 70 8(
RH%

Fig. 6.16Measured reaction probability of N@s a function of RH% for [Ng,=(8.7%0.3)x 10" molec cn.

As a confirmation of the previously done observadiothe reactivity trend as a function of
RH is confirmed: it is increasing of a factor 5 quaming the dry exposition with the ones at
40-60% RH, with a slight decrease for higher hutgidalues.

The presence of the oleic and palmitic sodium satigtings decrease of about 30% the
reactivity around 40-60% RH, with the effect becogiless pronounced at higher and lower
humidities.

In tables 6.10 and 6.11 the averaged values fos &l NO, initial reaction probability
measured following CINO formation at high and IaM,] are reported with their associated
error (error propagation considering no uncertagtn S, Vand T).
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solid phase

RH%

@ NO,

03] N204

NacCl

0

(6.8 + 1.0)x 10’

(2.0 + 0.3)x 10°

20

(4.5 + 0.7x 10°

(1.28 + 0.19)% 10

40

(5.7 + 0.9)x 10°

(1.7 + 0.2)x 10*

55

(5.6 + 1.1)x 10°

(1.7 + 0.3)x 10*

70

(4.96 + 0.12)x 10°

(1.78 + 0.03% 10*

NaC,¢/NaCl

0

(8.1 +0.7)x 10’

(2.19 +0.18% 10°

20

(3.3 + 0.4)x 10°

(9.04 + 0.013x 10°

40

(4.3 + 0.6)x 10°

(1.38 + 0.2)x 10*

55

(3.6 + 0.5)x 10°

(1.19 + 0.18) 10

74

(3.8 + 0.4)x 10°

(1.26 + 0.13)% 10*

NaC]_g;l/NaC'

0

(6.1 + 0.9)x 10’

(1.6 + 0.2)x 10°

20

(2.2 +0.2)x 10°

(6.3 + 0.6)x 10°

40

(4.0 + 0.6)x 10°

(1.2 +0.18)x 10*

55

(4.2 + 0.6)x 10°

(1.33 + 0.13)% 10*

65

(4.0 + 0.6)x 10°

(1.30 + 0.19)% 10

Tab. 6.10 Averaged measured initial reaction probability MO, and NO, as a function of RH% for
[NO,]=(8.7+0.3)x 10" molec cn? and [NO,]¢=(2.0+0.3) -1x 10" molec cn.

solid phase RH% @ NO; @ N2O4
NacCl 0 (3 +2)x 10° (1.0 £ 0.6)x 10°
15 (5 + 3)x 10° (1.6 + 0.7)x 10°
35 (1.1+0.5)x 10" | (3.4+1.5)%10°
50 (2.9 + 1.2)x 10° (9 + 4)x 10°
85 (1.7 + 0.7 10° (5 +2)x 10°
NaC,¢/NaCl 0 3.8x 108 1.1x 10°
15 4.4x 10° 1.3x 10°
35 9.9x 10°® 3.0x 10°
65 (8.6 + 0.3)x10° | (3.0+ 0.4)x 10°
85 2.0x 10° 6.2x 107
NaCig./NaCl 0 8.4x 10° 2.6x 10°
30 (5.4 +1.6)x 10° | (1.6 +0.5)x 10°
50 7.5x 10° 2.3x 10°
85 1.1x 108 3.5x 10°

Tab. 6.11 Averaged measured initial reaction probabilityN®D, and NO, as a function of RH% for [N&=

(8.4+0.3)x 10" molec cn? and [NO4]o=(1.76+0.02) - 10" molec crit.

The only reference value reported in the literatime @ NO;) measured following CINO
formation is given ifFinlayson-Pitts B. J., 1983&s a lower limitp>5 x 10® for [NO,] ~10**
molec/cni. In experiments at ~ $dmolec/cni the measured value at RH=0% is (3 &2)0
8 therefore in good agreement with this refereralae:
The found values afy(N2O,4) deriving by CINO kinetics can be directly comphte @(N2O,)
from previous works measured by following NajNKinetics. A graphical representation can

be found in fig. 6.17.
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Reaction probability @04 on NaCl
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Fig. 6.17 A comparison between the reaction probability galp obtained in this work and the literature
reference values. The y-axis is in logarithmic eaatd the reference works, obtained in RH=0% canditare
shifted along the x-axis for a more clear visuaisa

Again we are coherent with literature works, exdept[Peters S. J. et al., 1996h which
freshly cleaved NaCl(100) surfaces where used &fpercial cleaning procedures from
impurities.

6.6 Comparing uptake and reactivity coefficients

The superposition of reaction probability and uptaloefficient trends for the coated and
uncoated NaCl surfaces as a function of humidigommehow astonishing if we consider that
in the literature the increased NaCl/Nf@activity in the presence of water vapor is hitired

to the much faster reaction of HNOn NacCl:

(2.14) HNQ(g)"'NaCI(S) — NaNOg,(S) + HC|(g)

This reaction should produce HCI, which eventuadgnains stuck to the condensed phase.
Since on the reactive salt surface J@ particularly high and the surface is thoughtbe
strongly acidic because of the presence of the Ngrolysis products HNOand HNQ,
there is no particular reason for HCI| to remainadbbrbed on the surface. As a logic
consequence the equilibrium should be shifted tdsvéis gaseous form instead:

(614) HCJg) L ad HCI (ads) > H+(aq)+ Cl_(aq)

The presence of HCI in the gaseous phase is nettéet maybe because of further rapid
repartition on the reactor walls. Even if possiltles reaction schemes does not justify the
large amounts of CINO detected in the gas phase o not introduce some extra elements.
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We want to remind here some reactions, alreadydnted in ch.2.4, which involve the
formation of CINO(g) other than N@eacting on NaCl:

(2.19) cis- HONQ) + HCl(g)—> C|NO(g) + HxO(g)
(2.20) trans-HONg) + HClg) — CINO() + H.O)

These reactions have been studied in the homogsrgaseous phase, but they could also
take place heterogeneously on the NaCl surfacerentne freshly produced HCI from the
heterogeneous reaction 2.14 could be, in largegutiops, transformed into CINO(g) thanks
to the heterogeneous hydrolysis N@oducts.

A reformulation as an overall reaction for the protibn of nitrate on the NaCl surface could
then justify such important amounts of CINO forngs@n in the presence of water vapour:

(6.15) 2 NQ g+ NaCl) 09 - NaNQ; )+ CINO g

The main consequence of such a reactive path isCiNO, the typical product of the dry
reaction (2.8), can be produced even in humid ¢mmdi and water has a catalytic role on the
overall reaction.

The uptake coefficient of N{Qand of the dimer pD4 can be concomitantly compared also to
their reaction probability coefficients measuretiohwing CINO appearance. In fig.6.18 there
is a direct comparison of the absolute valuesy @ind @ for the high [NQ] experiments
(coated and uncoated surfaces are reported witketine symbols).

If the quantity of taken up reactive gas is actudilectly involved a heterogeneous reaction
with production of CINO, we should obtain a valueuad 1 forq'y in both cases.

Comparing reactivity) and uptakey]

coefficients
2,5
(o]
2,0 o o °
q o o 8 °© o |
1,5
g -

1,0 7 ™ ] [ ] [}
oot
0.5 °NO,
00 =N.,O,

0 10 20 30 40 50 60 70 80
RH%

Fig. 6.18Initial reaction probability to uptake coefficierdtio as a function of RH% for NGnd NO, species
at [NOyJo=(8.7+0.3)x 10" molec/cni and [NO4]o=(2.0+0.3) -1x 10" molec cnt. In empty symbols Nis
the reactive gas, in filled symbols®, is considered the reactive species.

We observe in fig. 6.18 that the experimenpaf ratios are dispersed around 1.5 and 2,
regardless the RH of the gas phase, when we cond@eas the reactive species.

The same experimental ratios have values betwegrad 1 for NO, with a slightly
tendency to increase at higher moist conditions.
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Uncertainties on the IR absorption coefficient eslo used for determining the gaseous
species concentrations (CINO and N@ould explain the slight offset of £0.5 units time
@/Yo VS RH experimental data.
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Chapter 7 - Fitting the experimental kinetic predilwith

a simple reactivity model
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7. Fitting the experimental kinetic profiles with asimple reactivity
model

The whole temporal profiles of N@nd CINO concentration contain more informatioanth
the first minutes explored for deriving the initigdtake or reaction probability coefficients.

If we consider the entire temporal evolution of gas-phase species that can be followed by
the FTIR spectrometer we could try to fit the expental data (fig. 7.1) with their profiles
derived from a simplified kinetic model.

NaCl+NO ; RH=0%

o [CINO]

[gas] (molec cn¥)
(e}
X
H
<

0 500 1000 1500 2000 2500 3000 3500
t (sec)

Fig. 7.1 An example of kinetic profiles of NCand CINO obtained from FTIR spectroscopy of the-phase
when NaCl is exposed to N@t RH=0%.

If a good convergence between the experimental aladathe modelled profiles is achieved,
then we have access t some information about awthgpcal reaction mechanism. In
particular we are interested in understanding ffeceof humidity on the reactivity and in
any possible change in the mechanism when the Bla@ce is coated with FA.

This simple reactivity model would take into accbtime main reactions and processes we
consider to occur inside the closed reactor.

As in chapter 6 we will first describe the caseNaCI| exposed to NOin dry conditions,
while in the second part the presence of water wagotaken into account. In the third part
the presence of the FA coating is analysed in t&fnkinetic effect on the reactivity. We will
conclude by quantifying the total reactivity of thNeCI/NG, through measurements of the
total amount of formed NaNO
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7.1 Kinetic model when RH=0%

When no water vapour is present in the reactor,care assume that the main reactions
occurring are the heteroger;l*eous reactivity betwe®p and NaCl (“dry reaction”) and the
NO, loss on the reactor walls  :

(Rl) NaCI(S) + 2NG, @ — CINO @t NaNG (s) (7.1) V= ks|0W{NaCI} [NO 2]
(R2) NG Ot loss (7.2)  ¥= kyai [NO;]

where eq. 7.1 and 7.2 express the reaction rataduagction of the reactant gas concentration
(in molec cn?) and of the total number of active surface siteaql} (in sites).

7.1.1 Hypothesis

In the mathematical expression of the reactionsréte. eq. 7.1 and 7.2) we use equations
which are typical of a homogeneous processes, asich= k[AF[B]® for the general reaction
A + B - products. Moreover we also assume that there are:

First order uptakeof NO, on the NaCl surface. A short discussion on thesiae
reaction order has already been reported at pg. Btne tests run with the hypothesis
of a second order NQuptake did not give satisfactory results, partidyl in presence
of water vapour.

Salt surface saturationhe dry reaction between NaCl and Nforms NaNQ which
progressively occupies the active sites of the \EHl®face - the reaction rates contain
then the number of the active sites expressed a€fNTaking into account the surface
saturation is a realistic approach which has ajrelaglen used in the literature for
modelling heterogeneous reactigigchner U. et al., 2000]

Constant wall lossthe absorption of NOon the reactor walls does not give saturation
so that k4 is constant all long the reaction.

7.1.2 Explicit Euler method and input data

The differential equations describing the evolutionthe concentrations of the different
chemical species (A) involved in the reaction is:

(7.3) % =V, (1)

The explicit Euler method is used for solving thifferential equation. It is based on the
approximation of a curve - in this case {Al(t) - with a polygonal one. The time axis has to
be divided in discrete intervaldt) and the function value at a given timeid calculated
knowing is value and its derivativea(vat t,.;. Therefore the kinetic profiles of the species A
can be described as:

(7.4) AL, =valto)2t+[A] tn= tos + Ot

" Observed from the gaseous Né&pletion even in absence of the reactive salaser
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mod

The kinetic mathematical model consists then ircudating an estimation ofA]t and
va(ty) for all the involved species, which in our case B, CINO and NaCl, through an
iterative procedure which is repeated with an ingglascremeniit.

(7.5) [NOZ]tn e = Vo, (tn—l) LAt + [Noz];:?f Vo, = T at =-2v, -V,
mo mo dCINO

(7.6) [C|NO]tn "= Veno (tn—l)mt + [ClNO]tn_f Veno = dt =V,

(7.7) {NaCk™ =v,oft,..) bt +{Nack™ Vi =~

We usedAt = 20s, an interval coherent with the experimedtdh interval, since a spectrum
acquisition time is 19s. ThidAt is, moreover, very small compared to the timescal
characteristic of the studied reactions.

The initial concentration of N£and CINO are those experimentally measured:

(7.8) [NO,J7* =[N0, [7*
(7.9) [cINOJ7* = [CINOIS®

whilst an initial estimation of {NaCl, ksow and ks has also to be given. These are the
parameters have to be adjusted for achieving a @ttoty between the experimental and
modelled temporal profiles of N@nd CINO.

7.1.3 Outputs and Results
The quality of the fitting can be evaluated by plagameteogr which has to be minimised:
(7.10) Ot =Ono, TOcio

It derives from the standard deviation for both Olldnd NQ curves:

(7.11) 0_:\/Z(Ymo -Y )

n

The quality of the fitting can also be appreciaigda graphical method as reported in fig. 7.2.
A good agreement with the experimental data isiobth meaning that from this simple
kinetic model we can obtain a good estimation & surface active sites and of the rate
constants:

{NaCl}, =1.46x 10" sites

Ksiow = 1.05x 107 sites' s*;

Kwan = 4.3% 10° s™.

From fig. 7.2 we can observe, by following {NaCltgfile in yellow, a progressive surface
saturation that can therefore explain the expertalgnobserved deviation from a first order
kinetic for both NQ consumption and CINO formation at longer reactiomes. Indeed the
experimental and modelled loss rate of N(Be described by the kinetic parameters as in eq.
7.12:

(eq- 712) k = (khet + kWaII )eXP = (2kslow{NaC|} + k

)mod
obs —

wall
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where we can see the real dependence of the olslersgerate on the number of active sites

{NaCl}.
NaCl + NO, RH = 0%
1x10Y7
© [NO,] exp
6
_ 9 x10 = [NO,] calc
é 8x1016- O [CINO]exp
=~ [CINO] calc
—~ O _ g o
o 7x106 e U {NaCl} calc
S o R SV
% g 6xi0%y R
g
Ey 6 S
'F{:U 5x 106+
S5
= ax106
- 4
0p7=3.42 x 10
3x10'6
2x10t6
1x10t64
0 ‘ ‘
0 10 20 30 40 50 60

t(min)

Fig. 7.2 Experimental and calculated profiles of [JO[CINO] (and {NaCl}) for the NaCI/NQ@ system at
RH=0%.

The optimised rate constantgel and ka can be used to evaluate the rates of the
heterogeneous reaction (R1, eq. 7.1) and of thesparwall loss process (R2, eq. 7.2). Their
temporal evolutions are showed in fig. 7.3, fromevéhcan observe that within the first 30
minutes of the reaction the heterogeneous NaGl/pi@cess predominates in the kinetics,
whilst for longer contact times the reactant losseshe wall become more important.

Reaction rate

molec cm® min™

Fig. 7.3 Calculated reaction rates for the heterogeneodsvell loss reactions in the NaCl/NQystem at
RH=0%.
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The same figure, when plotted for the lower pj@xperiments, clearly shows that the wall
loss process is always more important than therbgg@eous NaCl/N©Oreaction. This is a
further confirmation of the difficulty in exploitonthe data obtained in that conditions.

The initial heterogeneous reactivity of the NaCIAN&)stem can also be estimated from the
rate constantdew SO that we can calculate the valuegyBf® and@™ (eq. 7.13, eq. 7.14):

(eq. 7.13) Vo =;—Z>ka“;;d with K1 = 2K, {NaCl
mo 8V .
(eq. 7.14) @ vo, :WVGNO with Veno = Kyou[NO, {NaCl
2

The initial values of uptake and reactivity comingm the model can be directly compared to
the experimental ones, obtained as described 6 diWe observe that they are in quite good
agreement within the experimental error, as repldrig¢ab.7.1.

7.1.4 Fatty acids-coated surfaces
The same kinetic model can be applied also to tAe ¢oated salt surfaces, from which we

obtain a satisfying agreement between experimamalmodelled kinetic parameter as well.
These values for the case of RH=0% are reportéabir7.1:

NaCl NaGg/NaCl NaGg.1/NaCl
kmed (s 3.1x 10" 3.5x 10" 2.5x 10*
keP(s? (2.3420.11)x 10* | (3.1£0.2)x 10* | (2.44+0.12)x 10*
difference -30% -13% -2%
experimental/ model (%)

Tab. 7.1 Comparison between the modelled and experimentfalesaof k. of the coated/uncoated NacCl
surfaces exposed to N@t RH=0%.

We can observe that the modelled and experimeatalate coherent (within a 30% interval)
and that there is not a big difference between liebaviour of the coated or uncoated
NaCl(100) surfaces when they are exposed tg &I GRH=0%.

A possible systematic underestimation of the expenital heterogeneous reactivity compared
to the modelled one is easily explained by theemtion used for taking into account the wall
losses. This is indeed obtained from a direct measent of NQ loss rate in the empty
reactor, but it overestimates the real wall lo$s na presence of a reactive surface.

This is verified by the necessity of adjustingthie model, the J parameter when its initial
estimation isk; (=1.05 x 10* s%). The difference between modelled and experiniignta

measured k (-60% for NaCl) satisfactory explains the discrepabetween the values of
khet-

7.2 Kinetic model when RH# 0%

When some water vapour is present in the gaseasephising only Rand R reactions for
fitting the experimental N@and CINO profiles is not adequate any more. dn7i4 you can
see, i.e., the case of NaCl/pl@ RH=40%, where the need of a supplementary [@io&ess
for NO, is evident. At higher RH% CINO depletion has dlsde modelled.
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The problem of taking into account the effect ofe@us or surface adsorbed water can be
solved by introducing some supplementary reactsuth as N@and CINO hydrolysis (R3
and R5) as well as the surface reconstruction geo(fe4). Their rate expressions are defined
by the rate coefficientkm Keatand kestas in eq. 7.15-17:

(R3) 2 NQ(g)+ NaCI(s)+ HzO(ads)—> NaNQ(S)+ HCl(ads)+ HNG;, ()
(7.15) va=knum{NO2}{NaCl}

(R4) 2 NQ T NaCI(S) WA NaNG; ()t C|NO(9) (7.16) Y= kcat[Noz]
(R5) CINOOf - loss (7.17)  5%kges[CINO]
NaCIl+NO_RH = 40%
1x10 2
9 x10° o [NO,] exp
& 8x10% =[NO,] calc
2 7x10 o [CINO] exp
~ 37 gx106 [CINO] calg
t o, ) {NaCl} calc
g 21 5%10°
9 ®] 6
Eg 40 0, =6.3x105
@ E 3x106
2o
2x106
1x10'6 |
0 [ T I

0 10 20 30 40 50 60
t(min)

Fig. 7.4 Experimental and calculated profiles of [NO[CINO] and {NaCl} for the NaCI/NQ@ system at
RH=40%.

7.2.1 Hypothesis

NO, hydrolysis (R3):happens on the salt surface itself, producing KHNGd HNQ
which immediately reacts with NaCl to give gase#i@l, and solid NaN@ NaNG;
physically occupies a portion of the surface andtrioutes to its progressive saturation
(i.e. [Zangmeister C. D. et al., 2001] No CINO is produced in this reaction path. The
reaction rate is of first order in both N@nd surface active sites.

Surface reconstruction (R4is usually linked to the presence of surface thitnate so
that we can assume that a portion of the formirtgatei is not dependent on the
concentration of active surface Gltes. In the reaction occurring between,NDd
NaCl the adsorbed water plays a catalytic role lesady suggested in ch. 6.6. The
surface reorganisation generates fresh NaCl andotlezall reaction, through the
adsorbed HCI and HNQOntermediates, forms nitrate on the (100) surfaice releases
CINO into the gas phase. We assume a rate congtaclh depends only on [N{P(eq.
7.16). The different amounts of surface adsorbatery considered as constant during
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the whole reaction, are taken into account in #eetion constantclg which therefore
can vary for different relative humidity regimes.

CINO loss (R5):is a first order, probably heterogeneous hydrslygaction, as it is
suggested in previous workigKarlsson R. et al., 1996] This process becomes
particularly important at higher values of RH. Tater concentration is assumed to be
constant as long as the reaction occurs and isftirerincorporated inside the constant

kdest

From the mechanism R1-R5 [NJQ[CINO] and {NaCl} temporal profiles can be calated
in terms of the equation rates described below:

(7.18) Vo, =2V, =V, =2V, =2V,
(7-19) Vemo = ViV, — Vs
(7-20) ViNacl = 7V1 T V3

7.2.2 Outputs

As in the case of the kinetic model validated fd#4R%, this model provides the following
outputs:

The estimation of the initial concentration of setisurface sites {NaCj}and their
temporal evolution
The estimation of the rate constants of the differeactions and processes involved:
ksIow; kWaII, khum, kcab kdest
From the two previous outputs we can calculaterélaetion rate profiles. This supplies an
estimation of the contributions to the overall heteneous reactivity of the different
processes involved. Indeed at every instant t axee laccess to each term of the following
expression:

(7.21) (Kped).™ = 2{k gouf{NaCh, + K n{NaCH, +k )™

slow hum

In particular we can:
determine the contributions of the different reasi to the initial uptake or reactivity
coefficient values;
compare the calculated and experimental valudseoinitial uptake and reactivity.

7.2.3 Results

We report here, as examples, two cases of NaGlig&rtivity at two different humidities.

At RH=40% we show the effect of the additional temats on the quality of the fitting and the
supplementary information we can obtain with thzrerefined, but still very simple, model.
The case of RH=70%, a highly moist environmentdgpiof the marine boundary layer, is
also presented.

RH=40%

We have already shown in fig. 7.4 the lack ob&tween the modelled and experimental data
if only reactions 7.1 and 7.2 are taken into actouhhis can be observed also in fig. 7.5,

where \/(Y mod —Yex")2 , taken as an indicator of the fitting error, istpgd for the simple and
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for the “extended” kinetic models. In the firstsea(empty squares) there is a particular
failure in the 3-30 minutes range, where N®underestimated. At longer reaction times the
error increases again due to the presence of Cilolysis which is not taken into account
in the model.

If we add the hydrolysis reactions (of both CINGl&d0O,) and the surface reconstruction
process, we can observe a clear improvement iqubkty of the model: the total fitting error
diminishes by a factor 12 and its repartition ahd the kinetic experiment is more
homogeneous (fig. 7.5, filled squares).

Fitting Error

NaCHNQRH=40%

1x10'6
9x10'5 oR1,R2 |
m] - -
8x10'5 SO, R1-R5 |
o 051 gm %
;,? 6x1015 "’ﬁﬂ@g
5 | [m]
5 5x105 %mh 2
£ 4x10151  _ Py o8
> o-_ o
< 3x105 o=~ DEI‘-#]L
21081, - e T e el
1x10° - - -1
0 : T T T T T
0 10 20 .30 40 50 60
t(min)

Fig. 7.5Fitting errors of the two kinetic modes for theQ¥NO, system when RH=40% (sum of both Nénhd

CINO profiles): in empty squares the model is cibutgd of only Rland R2; in filled squares the R3-R
reactions are considered in the model.

The RH=40% calculated and experimental data ardepldogether in fig. 7.6, where the
good agreement between the two set of data catsbegephically appreciated. It can also
be observed that after 20 minutes the NaCl suilfecemes totally saturated.

NaCl+NO; RH = 40%

1x10%
9 x106 ° INOJexp
2 3105 = [NO,] calc
% re10s) o [CINO] exp
(]
i [CINQ] calc
o
; g it {NaCl} calc
2% 4000
=¥ 4x10] Ogr=1.6x10°
23 3x104] ;
Zilq.gi SIIREIEiRmEEENEn Bt sitaRiiinGs
1x10%44
v
0 ' i | | | |
0 10 20 30 40 50 %0
t(min)

Fig. 7.6 Experimental and calculated temporal profilesN®}], [CINO] and {NaCl} for the NaCI/NQ system
at RH=40% when N@and CINO hydrolysis and surface reconstructiorcesses are taken into account.
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The outputs of the model are the followings:

{NaCl} o= 2.83x 10" sites

reaction | k m.u.
R1 - slow 6.67x 10%°| sites &
R2 - wall [ 7.50% 10° |s?

R3 - hum|1.00x 10%°| sites &
R4 -cat |1.67x10° |s?

R5 - dest|6.67x 10° |s?

Tab.7.20utputs of the kinetic model for the NaCl/N€ystem at RH=40%.

We can compare the obtained CINO hydrolysis ratestamt with the value reported in
[Karlsson R. et al.,, 1996] where two possible heterogeneous reactions fddOCl
disappearance inside their glass reactor are iteticdry deposit and hydrolysis respectively:

(7.21) v=Kgn[CINO] with  kgy=(1.0£0.3)x 10° s*
(7.22) V=Knyg [CINO][H,0] with  knya<(7.4%2.4)x 10%? cn® molec' s at 296K

If we calculate kestas in eq. 7.22 for our experimental conditions fRBP6 and T=297K;
[H,0]~ 3.1x 10" molec cn® ) we obtain the upper limit of (23+%) 10° s*. The value we
obtained by the modelling, without any assumptianttee mechanism, is in good agreement
with the reported values, withyde1 x 10° < kgest= 6.7x 10° < 23x10° s™.

Another important result that we can obtain frorase constants are the different reaction
rates. They are plotted in fig. 7.7, where theioletion can indicate the weight of the
different processes all long the experiment.

Reaction rate
NaCl+NO, RH=40%

ev]l v2 Xvy3 Evy4 v5

[EnY
X

=
Q
B

molec cm3 min-!
=
X
[N
Q
©

0 10 20 30 40 50 60
t(min)

Fig. 7.7Reaction rates for the NaCl/NGystem at RH=40% with the R1-R5 model.
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In particular we can notice that:

The “dry reaction” (R1) is the most important pregen the first 15 minutes of the
kinetics;

The “humid reaction” (R3) is more important at theginning, but, as the dry one,
decreases as long as the surface become saturdtedN(. It contributes for less then
15% to the initial heterogeneous reactivity.

The heterogeneous reaction accompanied by thecsuréeonstruction (the “catalytic
reaction” R4) does not give a significant contribntto the initial reactivity, but
becomes more important as long as the surfaceasagurAfter 25 minutes it becomes
the main reaction of N£on the surface.

CINO hydrolysis (R5) equilibrates the CINO prododtirate after approximately 20
minutes. Also in the CINO kinetic profile (fig.&,.blue squares) we observed that a
plateau is reached in this zone, before the lobse®me more important than the
release from the surface.

NO, wall losses are less important than any otherbgémeous reaction during the first
15 minutes. Its contribution to the overall N@epletion process is negligible at the
beginning, whely is measured.

In our closed system, almost all the reactivitgxpressed in the first minutes of contact
between the solid and gaseous phase because @ft@ndtes the reactivity has already
decreased at least of a factor 10.

By comparing the calculated and measured reacttes rof NQ (fig. 7.8) we can observe
that the calculated values underestimate the lirgt@bal reactivity of about 14%. The main
difference is observed in the/w, component. a possible explanation could be thag NO
wall loss is indeed not constant all long the pss¢dut it is faster at the beginning and slows
down after some saturation on the reactor wall ccu

Experimental and calculated rates for NO, depletion

(RH=40%)
2.5x104

. Ov4 (cat)
Nd) i
3 2.0 x10¢ ®v2 (wal)i R1-R5 model
Iy Ov3 (hum
€ 1.5 x1041 Byl (slow
(&S]
3 Ev wall } :
= i experimental
g 1.0 x1064 v het P
> 5.0 x1031

O -

exp t=0 calc t=0 min
t(min)

Fig. 7.8 Comparison between the total N@itial depletion rates in the experimental anddelted data at
RH=40%.

The main aim of the kinetic model is to assessctmribution from the different reactions to
the observed reactivity. Since all the three NaO/Keactions we considered in the model are
assumed to be of first order in [MOtheir relative contributions, which are plottedfig. 7.9,
reflect what would be observed also in an openesysivhere N@ can continuously be
available (like in the atmosphere).
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We can see that at the very beginning the ovegalitivity is mainly due to the “dry” reaction
and about 10% is due to Nydrolysis products. The surface reconstructiooc@ss is
totally negligible compared to the other two praess After 30 minutes more than 50% of
the heterogeneous uptake of Nan NacCl is due to the surface reconstruction m®ce

We can extrapolate these observations to a castigh [NO,] is constant so that, inside the
kinetic model assumptions, alspwould be constant all over the reaction. Sinceath®olute
value of v is very low compared to the initiah\and \, the total heterogeneous reactivity
would decrease because the very rapid surfaceasiatuis only partially compensated by its
slow, water-induced, reorganisation.

Contribution to heterogeneous reactivity
RH=40%

100% O v4 (cat)
90% - @ v3 (hum)
80% - @ v1 (slow)
70% -
60% -
50% -
40% -
30% -
20% -
10% -

0% -

% V het

t=0min t=30min

Fig. 7.9 Contribution of the different processes to the globeterogeneous reactivity at t=0 and t=30min
(RH=40%).

RH=70%

We report here an exemple of analysis of the erpartally observed profiles of the gaseous
NO, and CINO concentrations also in the case of a rhigiiner RH, near to the deliquescence
point of bulk NaCl. The kinetic model fits well tine experimental points, as it can be
observed in fig. 7.10.

From the fitting procedure we obtain the followiogtputs:

{NaCl} o= 2.46x 10" sites

reaction | k m.u.
R1 - slow 5.83x 10%°| sites &
R2 - wall|1.42x 10% |s*t

R3 - hum|1.00x 10%°| sites &
R4 -cat |1.67x10° |s?

R5 - dest|1.22x 10* |s?

Tab. 7.30utputs of the kinetic model for the NaCl/p€ystem when RH=70%.
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NaCl+NO; RH = 40%

1x101%
9 x10] ° [NO,] exp
T 9105 —[NO,] calc
% 7x108] o [CINO] exp
[}
£ % 6x10] [CINQ] calc
g % 5x105] {NaCl} calc
£y
o S
c E
23

t(min)

Fig. 7.10 Experimental and calculated profiles of [NO[CINO] and {NaCl} for the system NaCl/NQat
RH=70%.

As in the previously reported case of RH=40%, frbrase kinetic constants the different
reaction rates can be calculated. In fig. 7.11r tieenporal evolutions are plotted and we can
observe that the profiles at RH=70% are very simita the ones already observed for
RH=40%.

The already mentioned underestimation of the inwall losses explains the observed
difference (-25%) between the global measured aodetted initial NQ depletion rates (fig.
7.12) and again about 15% of initial heterogenemastivity comes from N@hydrolysis.
Similar conclusions on how the different reactieostribute to the global reactivity can then
be inferred also because the catalytic reactionahe@mparable rate constant. No particular
effect appears even if the reactive condensed phasey close to the deliquescence.

Reaction rate
NaCl+NO, RH=70%

e vl v2 Xv3 mv4 v5

v (molec cm® min-t)

0 10 20 30 40 50 60
t(min)

Fig. 7.11Reaction rates for the NaCl/N&ystem at RH=70% with the R1-R5 model.
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Experimental and modelled rates for NO, depletion
(RH=70%)

20 x103 W2 (wall)
—~ 18 x103 Ov4 (cat)
8 16 x109] Bv3 (hum) R1-R5 model
“"2 14 x10% B vl (slow
o icz) :igi Bv wall } experimental
= B v het tot
oS 8 x103
£ 6x108
> 4 x103 A
2 x103
o

exp t=0 calc t=0 min

t(min)

Fig. 7.12 Comparison between the total N@itial depletion rates in the experimental anttukated data at
RH=70%.

7.2.4 Kinetic model for FA coated NaCl when RH=0%

The same kinetic model used for the uncoated Na@ases exposed to NOGn presence of
water vapour is used for fitting N@nd CINO profiles when a fatty acid coating wadeatl

on the salt surface. We obtain, as in the previcases, a good agreement between the
experimental and calculated concentration profled NQ depletion/CINO formation rates,
meaning that the chemical and kinetic mechanisnaslwied are probably the same. The
obtained output values are commented through atdiamparison to the uncoated surfaces
behaviour in the next part.

7.3 Evaluating the effect of humidity and FA coating onthe heterogeneous
reactivity

We introduced some supplementary reactions in g sienple kinetic model for describing
the CINO formation and NQdepletion profiles even in presence of water vaptu this
model we take into account three possible heteemen reactions of NOon NaCl, two of
them involving the release of gaseous CINO (R1 RaAY and another evolving HCI instead
(R3).

The surface reactive sites saturation is considésedntroducing the dependence of the
reaction rate on the parameter {NaCl}.

The surface reorganisation, which is observed biMAg#nd micro-Raman, is also taken into
account in reaction R4, where, after N@ydrolysis, the surface nitration rate does nqteel
on {NacCl}.

The quality of the fitting is evaluated by the paederorr, by a graphical method and by
comparing the experimentally measusetbr k;.) to the reaction rates calculated from the

fitting rate constants, which show to be in gooteagient within a 30% interval.

Through the rate constant estimations obtained fiioist model we can express the global
kinetic parameter f; like the linear combination of the three differeetiction rates and
assess their relative importance in the overatitredy.
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NO, hydrolysis reaction (g is not the most important even when high quantitywvater
vapour are present. It usually counts up to 15%efiotal NQ uptake on NaCl surface. This

means that the measuregf™ values increasing with humidity cannot then bealtpt

expressed by an increase of N@ydrolysis.

The model outputs, plotted in fig. 7.13, confirmatitwe already expected: N@ydrolysis
increases with increasing humidity. At the sammetiNG hydrolysis seems to be less
sensitive to the amount of water vapour on oleastard NaCl surfaces, so that this FA
coating could somewhat diminish N@ydrolysis.

k hum
14x1¢1
—=— NaCl

12x16%|| —e— NaCl+palmitate

10X 1 NaCl+oleate
A
» 8x10(P1-
[72]
O
@ 6x10RL

4x1 (P

2x1(P1 /

o \ 4 T T
0 20 40 60 80
RH%

Fig. 7.13Calculated k,, values expressed as a function of RH%.

The surface reorganisation is also very slow coegbdn the other NaCl/N{Oreactions and,
even if it does play any role in the initial uptakdbecomes relatively more important as long
as the surface saturates.

The surface saturation easily explains the obsesesthtions of the experimental data from a
theoretical pseudo-first order uptake and the oqumeset rapid decrease of the NaCI/NO
reactivity at longer contact time.

We have already observed that the initial uptakavisys dominated, even at higher RH, by
vy, the “dry” reaction R This reaction is not explicitly involving any veatin the kinetic
expression or in the chemical balance, therefoe rdite constant sk, should not be
influenced by RH. This is actually what we obsefreen fig. 7.14, where ., Seems to have

a constant value when RH 0. For RH=0% we have an exception, with a reactate
noticeably lower.

We cannot miss to observe that the absolute vaiti&s,,, reflect the uptake and reactivity
order experimentally measured for the three differsurfaces, with deW(NaCl) >
ksiow(NaCig/NaCl) > kjo(NaGsg./NaCl). The presence of an insoluble, even if mptete
and inhomogeneous, FA coating seems to slow doe/méterogeneous reaction reported in
eqg. 7.1. The chemical mechanism could then be fleddibut we do not have enough
elements for investigating further. Similarly,[@osman L. M. et al., 2008he authors report
that NNOs uptake to HSO, aerosols is affected by less than a monolayereakely packed
organic coatingy diminishes of a factor 10 when the fractional cage is 0.75.

The effect of the organic coating which we obsengetiuch less pronounced but at the same
time we do not have detailed information on thd ceaerage of the NaCl surface at higher
RH, where more than a monolayer of water couldaspthe surfactants all over the surface.
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k slow
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Fig. 7.14Calculated k,, values expresses as a function of RH%.

On the contrary ifStemmler K. et al., 2008the authors found that for the much more
soluble HNQ species only a total coverage by a tightly packed ordered monolayer of
saturated FA can hinder its uptake to deliquest&@! aerosol particles. In their work an
oleic acid monolayer had no noticeable effect onOjdNptake. They justified their findings
by the impossibility for the unsatured cis-oleicida¢do form a condensed state liquid
monolayer. Our experimental results go in a difiemeaction, probably because we used the
sodium salts instead of the acidic forms of FAJefng on the ability of forming auto-
assembling structures in different conditions (ege2.5).

From these examples and many others that can Inel flouthe literature (i.gPark S.-C. et
al., 2007} [McNeill V. F. et al., 2006][Folkers M. et al., 2003][Badger C. L. et al., 2006]
[Clifford D. et al., 2007]and[Glass S. V. et al., 2006for citing some of the most recent
work), we can suggest that the effect of a monalayesub-monolayer of condensed phase
surfactants can have different effect on the uptekeifferent gases depending on the
mechanism itself of their uptake.

The other terms present in the expression @ire [NQ] and {NaCl}.

The initial estimation of the number of reactiverface sites, {NaCl}, can find a
confirmation from crystallographic data estimatigkitel C., 1986} considering 13.88 c¢m

of perfect NaCl(100) surface, 8x710" is the total number of NaCl units. This calcuate
value is half of the optimised value of {Naglparameter at RH=0% in our model, where we
used no hypothesis on the real NaCl surface stdtus.easy to imagine that a pressed NaCl
powder surface contains much more defective dii@s & theoretical monocrystal surface.
Another important observation on {NaGl} is that it shows a strong dependence from
humidity conditions. In fig. 7.15 we can clearlyesa difference for both coated or uncoated
surfaces, between the number of available readites in relatively dry conditions and if
RH>30-35%. This is indeed the value which indisatee formation of at least one
monolayer of water on the NaCl (100) surface. mwobility of the surface ions is induced by
the presence of surface water (RH>35%) and haddhsequence of an increased availability
of active sites. The FA seems to have a sliglgceff coating only in the 40-60% RH range,
without a particular difference between the saadgiNaGe) and the unsaturated (Nag)
chain. The presence of FA on the surface coultigtigrinhibit the ion mobility, but this
effects is not very pronounced.
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The global effect of FA on the initial uptake ama@ctivity coefficients can hardly be assessed
to a specific and preferential element, but it seéonbe a mixed contribution of the different
kinetics and reaction mechanism aspects instead.

{NaCl} ,
3.0x106
2.8x106 .
8 2.6x106
'5; 2.4 106 . \- A
§ 2.2x106 /
6
o 2.0x10 /
% 1.8x108 —
S 1.6x106 S
wn
1.4)(106‘1/ —=a— NaCl H
— ¢ NaCl+palmitate
1.2x106 Nechpanias
1.0x10¢6 | | |
0 20 40 . .
RH%

Fig. 7.15Estimation of the initial number of surface actaites {NaCl}, , as a function of RH and surface F.A.
coating. The dashed lines are an eye-guide.

7.4 Quantification of the total reactivity of the NaCI/NO, system

The integrated reactivity of the NaCIl/M@ystem can be quantified by measuring the total
amount of formed nitrate on the exposed pellets &D minutes of reaction.

The presence of a fatty acid coating slows downitiitel reactivity but does not protect
NaCl against N@attack, as it can be seen by the equal amouidgitise experimental error,
of NaNG; formed on both coated or uncoated NaCl pellets {fi16). Moreover, with the
exception of pure NaCl at RH=70%, the @ NaNQ conversion linearly increases with
increasing relative humidity. For comparison, twalues for pure NaCl pellets which were
not pre-treated with the dip-coating techniqueadse reported in black, showing the effect of
increased surface roughness on the total react¥itye pellets (RH=5 and 40%).

» non treated Na¢ = palmitate/NaC
e NaCl oleate/NaCl
0.351
0.30-
T ] T { {
€ 0.25] |
2 ] *
%m 0.20E - r %
g 0.15]
=z Y }:
= 010+ i
; =
9 0.05%
0.004 ¥ ‘ : : : : : ‘
0 20 40 60 80
RH%

Fig. 7.16Total formed NaN@on NaCl pellets after 60 min of reaction with N@.7+0.3)x 10'° molec cn.
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7.5 Discussion and atmospheric implications

The uptake and reactivity coefficients as a functtd RH have an increasing trend reaching a
maximum around 40-55% RH and decreasing again iffiteh RH. A similar trend was
already observed for HNQuptake to NaCl, NaCl/Mg@g| and sea-salt aerosols|[ldu Y. et

al., 2007] and [Saul T. D. et al., 2006]as graphically represented in fig. 7.17a; for
comparison we report the NMlaCl uptake measurements we obtained in this wobk

O = b)
=8~ NaClMgCL

Ny 03 == SeaSalt —~

E o=—n {Saul of al ™) L 7o %
}_‘ L NaCUMaCL (Saul ot al ™) ‘ \\ — 3 _
5 ; X
E 02} =
= =
3 D 2
O i 8
@ b=
s 3 1

01F
[=% @) ] —a—NaCl
- ; g NaCl+oleate (C18:1)
I X k- © g —e— NaCl+palmitate (C16)
5 o]
DU M " M N D L) v L) v L) v L) v L)
0 0 0 80 80 0 20 40 60 80
Relative Humidity, RH (%) Relative Humidity, RH(%0)

Fig. 7.17 a)Initial HNO; uptake coefficient as a function of relative huityidbn NaCl, mixtures of NaCl/MgGl
(X Mg/Na = 0.114) and sea salt particles. Open symtepresent data taken frghiu Y. et al., 2007jwhere the
particle mean diameter is u® ; open symbols are data obtained for particlemutameter of ~ 0jdm taken
from [Saul T. D. et al., 2006]b) Initial NO, uptake coefficient as a function of humidity onQigellets in this
work.

These are the only previous work studying the ¢i&d&H on the uptake coefficient of a gas
to the marine aerosol (or its surrogates). Theyegeed deliquescent aerosols and suggested
that the enhanced reactivity at RH> 40% (EDR of Natas due to HN@ uptake on salt
solution which are progressively more concentrgieidg from 80 down to 40% RH. When
RH<40% the aerosol particles effloresced and tbeeehey measured HN@ptake to dried
NaCl particles on which uptake coefficient is ~bfdthe maximum value. In our case we
approach the deliquescence/efflorescence diagraia@fi from the opposite site, starting
from dry surfaces and adding humidity inside thecter cell so that surface can equilibrates
but cannot become fully deliguescent before RH~73hat we observe is mainly a
progressive enhancement in reactivity by a watdueed activation of Clreactive sites
which are easily raised from the solid surfd€abrera-Sanfelix P. et al.,, 2007]For
RH>75% NQ/NaCl uptake diminishes, meaning that probablyrdeection path changes or
that there is a salting-out effect diminishing th@&seous reactive solubility as previously
reported iMAghnatios C., 2008]

The main conclusion is that in atmospheric modelutations wherey values are used for
estimating heterogeneous reactions, the RH pararseteery important because reactivity
can change of almost an order of magnitude betwlegand humid conditions, as observed
for NO, and HNQ on NaCl surfaces or aerosol particles.

Another experimental observation is that the ihiligtake coefficient is not a good parameter
for describing a reactivity integrated over a “l6pgriod of time: surface readily saturation is
only partially compensated by a much slower surfemnstruction. This phenomenon is
stressed at higher RH, as reported in fig. 6.15thadimescale can depend from the type of
surface taken into account. Further studies onsthiéace status of reacted aerosol particles
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would be raccomended, and the introduction of reacprobability per active sit§' as
suggested bfMoise T. et al., 2000jvould lead to a more realistic description.

The presence of an incomplete and inhomogeneousdafing can slightly influence the
initial kinetic of the NQ to NaCl uptake and reactivity, but does not haweimportant effect

on the global reactivity of NaCl/NQntegrated over 1 h, as it was seen by the corbfgra
amounts of formed NaNfQat the different humidities in presence or notcofting. Its
presence cannot alter substantially neither thal teactivity towards N@trace gas or its
reaction mechanism: in the gaseous or on the pblese no new or different products were
detected in presence of organics. In a similar mayine aerosol particles are supposed not to
be efficaciously screen by the 0.4-15% estimatectéverage.

The main result we obtained from the kinetic stadi® the equivalence of NGr N,O4
uptake and CINO release rates (taking into accdhat stoichiometry). This can have
important atmospheric implications because;Néactivity on NaCl was always thought to
pass through N©hydrolysis releasing, after the heterogeneoustimgadHCl and HNQ. In

our, as well as in previous studies on NaClfN€activity, we did not observe the formation
of HCl in the gaseous phase. Moreover CINO wagelgrthe most abundant gaseous species
we detected, together with the reactantN&en at higher humidities.

We can give an estimation of the released numbeZINfO molecules (Nno) in a costal
polluted area like Dunkerque agglomeration - harpmaustrial and urban area on the North
Sea in Nord-Pas de Calais region, France fromdt@fing expression:

(723) Nc||\|o= @MSZ]S

where
@ is the reactivity coefficient; for its upper limialue we consideq, at RH=40% for
the high [NQ] measurementsp< 5.68x 10°;
<c> the mean velocity of NOn the gas phase; at T=298K it value is 37032 ¢m s
[NO,] the trace gas concentration; we consider the mamxi average hour value for
2008 year measured in the Calais (France) stafi@DEME, 2008} 25Qug mi°

equivalent to 3.2% 10'® molec m®.
S the aerosol surface that can be estimated (24) #om field measurement data of

aerosol concentration (L ing nm®) and from an estimation of the surface densitylfor
ug m* of aerosol concentration gn cnt cni®):

(7.24) S=LxB

In a first approximation we can consider spherasosol particles of(in geometrical
diameter made of pure NaCl then a surface densjtylD89x 10° cn cmi® m® pg™.
L is estimated from the average daily value for Pia Dunkerqug ADEME, 2008]

considering that all particles are made of NaCli®pag m>.
Therefore the daily average of S is .50 cnt cm®.

We obtain:
Nemo < 2x 10 molec & m*®
meaning that in 10 minutes the upper limit of theamfity of CINO released into the

atmosphere in these conditions can bex11P** molec n?’.
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Even considering the lower value for BQuptake measured at much lower NO
concentrationsye5 x 10° in [Finlayson-Pitts B. J., 1983]we would obtain a release, in 10
minutes, of > & 10" molec n’.

These values, even if calculated in a very singdlifscenario, mainly indicate that NaCI/NO
reaction has to be taken into account because sfghificant release a precursor of chloride
radicals and that can therefore can have a stnmpgadt on its concentration in the marine
boundary layer, where the background values ira@ ~1x 10 molec m®[Spicer C. W. et
al., 1998]
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Chapter 8 — Conclusions and Future Work
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8. Conclusions and Future Work

In this work we studied the reactivity of insolulbédty acid-coated NaCl surfaces to gaseous
NO, at different relative humidities via two complentesy approaches:

The analysis of the solid phase before and afeesti@n with high spatial resolution and
spectroscopic techniques: Atomic Force Microscopggfine details about the surface
morphology, and Raman microspectrometry recordsctspeand images giving
information about molecular identification and swd distribution of the products (ch.
4-5). By FTIR spectroscopy we could give semi-gilative information on the total
amount of nitrate formed (ch.7.3).

FTIR analysis of the gaseous phase during heteemgesreactions at the chosen RH (0-
80%) and ambient temperature and pressure in actl@actor, which has been suitably
optimised. From N@ N,O, and CINO concentration profiles we measured thigin
uptake and reactivity coefficients of M@aCl and NO4/NaCl at different atmospheric
conditions (ch. 6). Through a simple reactivitydabwhich fits the experimental data
well, we tried to assess the contributions of thi#ekknt possible heterogeneous
reactions to the overall observed reactivity (oh. 7

8.1 Main results

The main results we obtained and the possible githerg implications are the following:

1)

2)

1)

2)

© 2010 Tous droits réservés.

The initial NG uptake Yo) to the NaCl(100) surface increases with incrapselative
humidity and reaches a maximum before decreasiaghaghen the surface becomes
deliquescent (RH>68%). We measurggl= (3.8 + 0.2)x 10" at RH=0% and (3.2 +
0.2) x 10° at RH>35%, an increase of almost an order of ntadei A similar trend
was previously observed for HN@n NaCl, NaCl/MgCJ, and sea-salt; the relative
humidity parameter has therefore to be taken irtooant when considering these
heterogeneous reactions in atmospheric chemistdelso

The presence of at least a monolayer of water ensthiface (for RH>35%) leads to
surface reconstruction as long as the reactionreccés a consequence, the surface
saturation by the product is partially compensabsd the appearance of freshly
generated Clactive sites. In this way the total conversioncbforide into nitrate in
marine aerosol particles is possible at longer axintime, as observed in field
measurements.

When the topmost layer of the surface becomes ubditpnt, N@ can diffuse more
deeply inside the condensed phase with the consegqud formation of NaN@some
micrometers under the surface. This gas-liquiéraxdtion lowers the heterogeneous
reactivity due to the salt-out effect, with the sequence that NOis relatively
unreactive on deliquescent NaCl aerosol.

The formation of nitrate crystals of regular rhornedral shape is a sign of surface
ageing, otherwise small crystals with different medries and morphology or
deliquescent nitrate are present on freshly reasiedces.
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3) The presence of a sodium palmitate or oleate nanolgeneous coating does not
efficiently protect the NaCl(100) surface from N@ttack, with an increasing Cio
NOs conversion with increasing RH, on uncoated as aglbn coated surfaces. The
initial reactivity is slowed down by both saturatgmhlmitic) and unsaturated (oleic)
fatty acids of ~ 30% in the 40-55% RH range by dasing the number of available
water-activated Clsites. Only tightly packed liquid crystals searatt as an effective
barrier for the heterogeneous reaction, as obsdiyyede absence of nitrate where these
type of deposits are present. In a similar way,imeaaerosol particles are not thought to
have a complete or homogeneous insoluble organatingp their heterogeneous
reactivity is therefore not hampered, but only dlovetarded in the presence of these
coatings.

4) Such weak heterogeneous M&aCIl reactivity should lead us to conclude thas th
reaction is “unimportant in the marine boundary elayat atmospheric NO
concentrationsfRossi M. J., 2003] On the contrary, this reaction, even if it isdt an
important sink for NQ compared to other photolysis or oxidation patess source of
CINO instead of HCI, which was expected to be isdeain presence of water vapour.
We experimentally measured the equivalence betwd@a depletion and CINO
production kinetics, so that NMIaCl reactivity in moist condition can be descdh®y
the following reactions:

2NG, or NoO4 + H20 (ads) » HNO3 (ads)+ HNO, (ads)
NaCI(s) + HNG; (ads) — NaNG; )t HCI (ads)
HCI (ads)t HNOG, (ads) — H,O (ads) T C|NO(g) Tt

Giving the overall reaction:

2NOy(g) or NoOy(g) + NaCls) O T3 - NaNOys)+ CINOy,

The main atmospheric implication is that the CIN§2aes is an efficient precursor of
atmospheric radicals during the daytime as it caneladily photolysed into Cl and NO,
with a quantum yield near to unity. During the riggme the most probable CINO fate
is the efficient heterogeneous hydrolysis to HCll #iNO, ([Scheer V. et al., 1997]
[Karlsson R. et al., 1996] contributing to the acidification of aqueous pHes or
droplets and the formation of reservoir moleculésciv can be transported even to the
stratosphere.

All these processes can be summarised in the stivem@aresentation of fig. 8.1.

T A known production path of CINO also in the stsgtbere through reaction of gaseous H\®frozen HCI
(Finlayson-Pitts B. J. and Pitts J. N., Jr. (2000hemistry of the upper and lower atmosphere. Segyd)
Academic Press.).
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Fig. 8.1 Schematic representation of the heterogeneous/N@glreaction on a marine aerosol in a polluted
costal region: the NaCl fraction progressively sfanms to nitrate and releases CINO gaseous speifgO
heterogeneous hydrolysis during the nightime cadpee HNQ and HCI, whilst during daytime photolysis
generates the active Cl and NO species, whichwatkefr involved in several complex atmospheric cisem
cycles, i.e. ozone, OH and NOx cycles. The inhoenegus surfactant coating slows down the initiattieity
but does not protect the airborne particle agditdt or other gaseous attack. Moisture has the dawlbdeof
catalysing the heterogeneous reaction and of piamaeurface reorganisation leading to a total cosiea of
NaCl to NaNQ.

8.2 Future Work

The importance of N©@or NOy gases on atmospheric chemistry, particuliarithe marine
boundary layer is nowadays well established. Theeraction between the mainly
anthropogenic pollutant gas N@nd sea-salt aerosol leads to the formation ajrctd and
bromine atom precursors that are photolysed torgémeadicals. Previous laboratory studies
on model solid salt showed that small amounts efomcomponents such as adsorbed water,
MgCl, and an organic coating can induce or remove thé&a passivation of NacCl.
Particularly the role of organic films at the aierme particle interface has started to be
studied only very recentljponaldson D. J. et al., 2006]The major part of previous studies
concerning heterogeneous reactions betweend@ sea salts has been performed using bulk
model surfaces. The development of a new experinmenthich relative humidity, aerosol
sizes, aerosol internal mixtures and gases couttbb&olled would be more representative of
the conditions of the marine troposphere. Laboyatexperiments on atmospheric
heterogeneous chemistry are moving towards therggoe of organic coatings directly on
NaCl aerosols. Particles can be generated by a#ion of a liquid jet of a saturated salt
solution; after drying, the organic coating canftsened on microscopic suspended particles
by condensation of organic vapours, as briefly gmé=d in ch. 2.2.4. The concentration and
size of the individual particles can be measureds$igg a scanning mobility particle analyser
(SMPS). The aerosol reactivity can be quantifiedam aerosol flow tube with relatively
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reactive species such as, @H or other radicals. The reactivity of FA coatedCl| aerosol
with NO, could also be studied in an atmospheric simulatavamber where the
measurements of slower heterogeneous reactionsecarade. In both cases reactivity studies
can be coupled to single particle analysis aftemmimg of the particulate phase.
Morphological and molecular aspects already ingastid by AFM and Raman micro-
spectrometry can be coupled to electron micros@yenergy dispersive X-ray imaging as
well as ToF-SIMS imaging. The latter techniquep@sticularly sensitive to the outer layer
(~=3nm) of particles with an accurate lateral regotu(~100nm).

Some other opportunities come from particle-on-sabs stagnation flow reactor under
realistic atmospheric conditions. The reaction ¢ten followed by monitoring deposited
individual particles undean-situ conditions by the surface techniques previousbadci
Reactivity studies could also be performed in thesence of UV-Visible radiation, to
reproduce daytime reactions between the, N@ecies and NaCl. Both reactant and product
(NO2 and NaNQ) have interesting photolytic properties, the formeducing NO, the latter
NaNQ,, NO, and OfP). Moreover a recent study showed an enhancealyhist of NaNQ

on mixed NaCl/NaN@films [Wingen L. M. et al., 2008and another reported the nitrite-
induced oxidation of organic coatings on model @inle particlegKaragulian F. et al.,
2009].

The possibility of adding other minor mineral s@scio NaCl for a more realistic description
of the chemical composition of marine aerosolstwataken into account in a second step.

Of course more realistic trace gas concentratiantb@de achieved, by coupling the reactors
to more sensitive detection techniques, i.e. gab/aars or mass spectrometers.

Finally, exposing surfaces or aerosols to polligamixtures (i.e. N@ and HNQ) so that
different reactions can compete for the surface@dites, can bring us closer to describing
the reality of the atmosphere.
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Appendix A

Quantification of NO; in the gas phase:

NO, concentration in the gas mixture can be calculdtgdvolumetric dilution from the

expression:

(A1) [NO,], = 7250107 ne. P
TOT

Where

- [NOgq is the concentration in molecules&m

Quo, IS the volumetric flow of N@at the standard temperature and pressure corslition
mL-min?,

Qror is the sum of the three volumetric flows at (Ez8)n mL-min?,

P is the total pressure in bar

T is the temperature in K

The values of N@retained in this work come from optical spectrggcaneasurements,
because in presence of water vapour, reaj Blidcentration can diminish from the original
volumetric dilution calculated concentration duehe instauration of complex equilibria with
other acidic species.

We determined [N@)y by FT-IR after a calibration by adding known quignof dry NG,
inside the spectrometer, so that:

(A.2) [NOy]4 = 2.06x 10" molec cnit - |

Where | is the absorption intensity at 1627cmhen the spectra are acquired with a Zcm
spectral resolution and the eventual interferericeater are substracted.

The use of absorption coefficients reported in joney works (i.e[Perrin A. et al., 1998]
was not possible because of the different acqorsitonditions, especially the spectral
resolution which is a critical parameter in gasgehapectra. Moreover, in the same work
great unr:lcertainties are reported, especially fer ritore intense transition band centred at
1618 cnt.

Quantification of CINO in the gas phase:

Optical measurement of the absorption intensitiesthe IR region can lead to the
quantification of CINO through the Beer-Lambert faw

(A.3) [CINO]Jg=A/ ¢ b

Where A is the absorbance value (intensity or iratexgl area), b the optical path and e the
associated extinction coefficient.
[Karlsson R. et al., 1996@jives a valug at1799 crit of (9.34 + 0.22) 18° when the CINO
gaseous spectrum is acquired in the following erpantal conditions:

1cmit of spectral resolution,

T=(296+1)K

P=(101000£1000)Pa.
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In our experiments the spectral resolution is 4'cso that need to register two CINO spectra
of the same gaseous sample at 1 and # oesolution for a direct comparison of their
intensities. In fig. A3 you can see a zoom in1B680 cnm' v, transition of the two IR spectra
acquired at T=298+1 K, P=102480+100 Pa where tifecebf spectral resolution on the
recorded intensities is highlightened:

i CINO (res 4 cm?)
i CINO (res 1 cm?) 1790

0,30

0,28

0,26+
0,24+
0,227
© 0207

c 0,182

orpanc

O 0,16+
o 0147
<C 0,124

0,104

n

0,08+
0,06~

0,04+

‘ ISAO ‘ ‘ ‘ 18&0 ‘ ‘ ‘ 1860 ‘ ‘ ‘ 1750 ‘ ‘ ‘ 1760 ‘ ‘ ‘ 17h0 ‘

Wavenumber (crh)

Fig.A.2 FTIR spectra of a gaseous sample of CINO withexsgl resolution of a 4ci(in red) and 1ci (in
blue).

A direct comparison of the intensities of the twpeactra at two different wavelengths
(V,=1799 cn; V,=1970 cni) leads, from expression A.3 to:

Al_AZ

(A.4) [CINO| = T

Where:
g, is the reference value given from the referencekwo

A, is the absorption intensity in the 4¢rapectrum at 1790 ¢
A1 is the absorption intensity in the 1¢érspectrum at 1799 ch

We can then calculate the extinction coefficignat 1790 crit when the spectrum is acquired
with a 4cni* spectral:

(A.5) g, =—2[%,

With an estimated error <5% we can measure CINOcgasentration in our experimental
conditions (b=10 cm) from the following expression:

_1@1790cnt
10*1.21010%8

(A.6) [CINO] molec cn?®

200
© 2010 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Sara Scolaro, Lille 1, 2009

Effet de I'humidité et de molécules tensio-activesur la capture du dioxyde d'azote (NQ) par le chlorure de
sodium (NacCl). Etude cinétique et analyse de surfac

Résumé
Des études cinétiques et des analyses de surfaétéoeffectuées sur la réaction multiphasiqueedptgaz NQ@ et
des cristaux de NaCl en présence de moléculetantives sous air humide. Ces études de labogatoimtribuent
a la validation de processus de chimie atmosphérapggérés par des campagnes de mesure sur deslséro
d’origine marine. Les vents provoquant des vaguks surface des océans propulsent de nombreusétzlgties
d’eau de mer dans la troposphére ou elles se destbntl partiellement et forment I'aérosol marinnstitué de
particules de taille micrométrique comportant duCNat de nombreux composés mineurs dont des agidss
(stéarique, oléique). Les concentrations en paeicpeuvent dépasser 20 pgfians I'air des zones cotiéres. Des
guantités énormes d'oxydes d’azote (NO, NE€bnt émises actuellement par les transports edeffage et leur
concentrations peuvent dépasser 100 figlens les zones fortement antropisées. Le passageadses d'air
d’origine marine dans des zones fortement urbasiséges impacts négatifs sur la qualité des eantinemtales
par des pluies chargées en nitrates et sur latéwddi I'air par des dégagements de gaz chlorésinéique de la
réaction montre que la capture de N@ar NaCl est favorisée a des fortes humidités.d@atre un revétement
d’acides gras réduit peu la production de NgOI'émission de NOCI. Les études de surfacestparoimagerie
Raman polarisée et microscopie a force atomiquéemtetn évidence des processus de précipitatida atigration
de surface dans la production de nanocristaux dé&Mat le faible réle protecteur des molécules teasiives.

Effects of humidity and fatty acid surfactants on he uptake of NG, to NaCl. Combined study of kinetics and

surface analysis
Abstract

In this laboratory work we studied an important aspheric process typical of polluted costal regiorthe
heterogeneous reaction of a gaseous pollutant @flynanthropogenic origin, N§&) on NaCl(100), taken as a
surrogate for marine aerosol. Evidence of the mesef a native organic coating on field-collectadrine aerosol
particles inspired us to investigate the effecingbluble fatty acids on the heterogeneous remmaadtion of NQ
in the marine boundary layer.
The originality of this work consists in couplingactivity studies with high spatial resolution sué analysis.
The surface is followed, before and after reactioa,Raman micro-spectrometry and AFM techniquégnificant
modifications in the morphology and orientationtbé formed NaN®@ crystals on the surface are found as a
function of humidity during the reaction.
A thin organic coating on the salt surface is pregaand characterized. The reactivity of the cdatezbated salt is
measured in a static reactor where the gaseous plmmeposition can be monitored by FTIR spectrométry
different humidities (RH=0-80%). From N@nd CINO kinetics we can independently estimath bize uptakey)
and the reaction probabilityp) coefficients. The presence of a palmitic or olegid coating slightly hinders the
reactivity, especially in some humidities.
By coupling all experimental information to a simpkactivity model which fits the experimental datll, we can
conclude that the NZNaCl reaction directly releases a precursor ofvacthlorine atoms (CINO) into the
atmosphere, even at high humidities.

Sciences de la Matiere, du Rayonnement et de 'Emannement — Université Lillel

Laboratories: Laboratoire de Spectrochimie Infrarouge et Ram&§IR, UMR 8516, bat. C5 and Physicochimie
des Processus de Combustion et de 'AtmosphereAPGRIR 8522 bat. C11 - 59655 Villeneuve d'Ascq Cede
(France)
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