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ADbstract

The heterogeneous reactions of mineral dust pastialith NOs and NQ radicals
have been investigated at atmospheric pressure) temperature, and different relative
humidities. These studies are important for evalgathe role of these reactions in the
removal of NOx in the atmosphere and the chemigahgaof dust particles during

transport.

The uptake coefficient of Ds, y(N2Os), was determined to be 0.020+0.002§1on
dispersed Saharan dust particles, independentiaifviee humidities (0-67%) and initial
N,Os concentration (5x18-3x10" molecules ci). Gas-phase and particulate products
analysis suggests that,® undergoes heterogeneous hydrolysis on the ducsyr
leading to the formation of particulate nitratewé yield of about 2. The independence
of y(N2Os) on relative humidity is due to the large amouhinternal water (up to >10%
of the dust mass) contained by dust particles. ihndependence of(N.Os) on initial
N>Os concentration can be explained by availabilityaofrge internal surface for dust
particles. Nevertheless, the dust particles carddectivated if the particulate nitrate
reaches high levels resulting from exposure to B§O In addition, the uptake of s
on lllite and Arizona Test dust was studied, a(d,Os) at RH=0% was determined to be
0.084+0.019 () on lllite and 0.010+0.001 (@) for Arizona Test Dust, respectively.

Using a novel relative rate method, the uptake fooeft ratio of NQ to N;Os,
v(NO3)/v(N2Os), was measured to be 0.9+0.4d)lon Saharan dust particles. This result
was independent of relative humidity (0-70%), \N&dd NOs concentration, and reaction
time, though surface deactivation was observedbfiih species. The uptake of RO
radicals on mineral dust particles is proposedteged via the reaction of adsorbeddNO

with internal water contained by dust particleadiag to the formation of nitrate.



Zusammenfassung

Die heterogenen Reaktionen vony bzw. NG auf mineralischen Staubpartikeln
wurden untersucht, um deren Einfluss auf den Aldienosphéarischer Stickoxide (NOXx)
sowie auf die chemische Veranderung der Staubpaxtiihrend ihres Transportes durch
die Atmosphéare besser verstehen zu konnen. Dieriexgrgellen Studien wurden bei
Atmospharendruck, Raumtemperatur und unterschiegtic relativen Luftfeuchten
durchgefihrt. Der Aufnahmekoeffiziep{N.Os) von N.Os auf dispergiertem Staub aus
der Sahara wurde zu 0,020 * 0,002)(kestimmt, unabhangig von der relativen Feuchte
(0 - 67 %) sowie der MDs-Konzentration (5x1% - 3x10° Molekiile cn?).

Die Analyse der Reaktionsprodukte in der Gasphagsesauf der Partikeloberflache
fuhrt zu der Annahme, dass® auf der Staubpartikeloberflache zu Nitrat hydrsts
wird. Es konnte kein Einfluss der relativen Feuchtd den Aufnahmekoeffizienten
ermittelt werden, was durch das vorhandene intellane Wasser, welches bis zu 10 %
der Partikelmasse betragen kann, erklarbar ist. DRgmessene Wert des
Aufnahmekoeffizienten ist unabhangig von der EimggaN,Os-Konzentration, was sich
Uber die sehr grol3e innere Oberflache der Parilktdiren lasst. Dennoch liel3 sich durch
eine vorherige Konditionierung der Partikel mit @asigem HNQ, was eine
Nitratanreicherung an der Oberflache bewirkt, diizienz der NOs-Aufnahme auf die
Staubpartikel reduzieren. Zusatzliche Studien Is¢éassich mit der Bestimmung des
Aufnahmekoeffizienten von JDs auf lllit-Partikeln und auf Teststaub aus ArizoBei
einer relativen Luftfeuchte von 0 % wurden f{iN,Os) Werte von 0,084 + 0,019 ¢} fur
llit und von 0,010 + 0,001 d) fir Arizona Teststaub ermittelt.

Unter Anwendung einer neuartigen Messmethode, uli@er zeitgleichen Messung
der Konzentrationsabnahme von NGnd NOs relativ zueinander beruht, wurde das
Verhaltnis y(NO3)/y(N2Os) der Aufnahmekoeffizienten von NOund NOs auf
Saharastaub zu 0,9 % 0,4cflbestimmt. Dieser Wert war unabh&ngig von dertiketa
Feuchte, den N§& und NOs-Konzentrationen sowie der Reaktionszeit, obwolnleei

Oberflachendeaktivierung fur beide Spurenstoffebbebtet wurde.
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1 Introduction

1.1 Theatmosphere

Our atmosphere, retained by Earth’s gravity, iayet of gas (and cloud and aerosol
particles) surrounding the planet. The Earth’s aphere mainly consists of (by volume)
N2 (78%), Q (21%), and Ar (1%), the concentrations of whictvéhaemained quite
stable over time. Water vapor concentrations aghlhivariable, reaching as high as 3%.
The remaining gaseous components, often referreak tbace gases, including carbon
dioxide, methane, sulfur dioxide, nitrogen dioxidad ozone etc., comprise less than 1%
of the atmosphere. The atmosphere is a dynamierayst which its constituents are
continuously exchanged with soil, ocean, and biesphlt is a rather efficient oxidizing
medium. Once present in atmosphere, trace gasesoarerted at different rates to
substances which are usually at higher chemicalatixn states than their parent species.
The lifetimes of traces gases in the atmospheraighty variable, ranging from less than

1 second (for example, OH radicals) to many yefarsekample, Ch).

The Earth’s atmosphere is characterized by vanatiaf temperature and pressure
with height. According to the average temperatucdile with altitude, the atmosphere is
divided into several layers. The troposphere islthest layer of the atmosphere, which
extends from the Earth’s surface to the tropopawb&h is at about 10-15 km altitude.
The stratosphere is the layer between the tropepand the stratopause (about 45-55 km
altitude). The troposphere and stratosphere togette called the lower atmosphere,
while the upper atmosphere extends from the staate including mesosphere,

thermosphere, and exosphere.

The troposphere contains about 80% of the maskeohtmosphere, though it only
accounts for a small fraction of its height. In th@posphere, temperature decreases with
altitude due to the increasing distance from the-warmed Earth’s surface, and this
thermal structure leads to rapid vertical mixing tine troposphere. In contrast,
temperature increases with altitude in the strdtesg as a result of the absorption of

ultraviolet radiation of ozone in the stratosphelme.the stratosphere, ;Os slowly



dissociated by solar ultraviolet of wavelength lgem 242 nm to atomic oxygen (R1-1),

which reacts rapidly with ©£to form ozone (R1-2):
O, +hv(Ah <242 nm)»> O + 0O (R1-1)
O+O+M—->0:+M R1-2)

where M is the third molecule (e.gp,ND,) that absorbs the excess vibrational energy and
stabilizes the formed £ Most of the atmospheric ozone (about 90%) isgres the
stratosphere, and the peak ozone concentrationicthe region of 20-30 km, which is
called the stratospheric ozone layer. Stratosptuaine absorbs all the solar ultraviolet
radiations of the wavelengths in the range of 280-2m, which is harmful to the
unicellular organizations and the surface cellshafher plants and animals. While
stratospheric ozone protects the Earth’s surface fbeing exposed to harmful solar
ultraviolet radiation, ozone at the ground levelekevated concentrations, is detrimental
to the health of both plants and animals. In addjtbzone in the upper troposphere is an
important greenhouse gas, which absorbs the longleagth radiation emitted by the

Earth’s surface and warms the atmosphere.

In addition to gases, liquid and solid particlé® sizes of which are in the range of a
few nanometers to hundreds of micrometers, are@kssent in the atmosphere. Particles
are directly emitted into the atmosphere (for exammineral dust and sea salt) or
formed in the atmosphere by gas-to-particle conwergrocesses (for example, non-sea-
salt sulfate and secondary organic aerosols).dRestalso undergo dynamic change in
the atmosphere and are mainly removed by depossionhe Earth’s surface and
incorporation into cloud droplets during cloud fation. Residence times of particles in

the troposphere vary from a few hours to a few week
1.2 Tropospheric photochemistry and ozone for mation

Apart from the transport across the tropopause ftoenstratosphere, tropospheric
ozone (Q) is produced during the photolysis of N& wavelengths < 424 nm (R1-3):

NO, + hv (. < 424 nm)— NO + O (R1-3)

O+O+M—->0:+ M R1-4)



(R1-4) is the only significant chemical source afi@the troposphere. Once formed; O
can react with NO to regenerate NO

NO + Q3 — NO; + O, (B)-
Nitrogen oxides (NOx), NO and NQare emitted into the atmosphere with an annual
flux of more than 50 Tg (N) ¥r[IPCC, 1995] The major sources of NOx include fossil-
fuel combustion, soil release, biomass burning, lagidning. According to (R1-3), (R1-
4), and (R1-5), the steady-state @@ncentration is given by

k3[NO
[0s]ss = 224 (E1-1)

where [NO] and [N@ are the concentration of NO and p@espectively, anél; andks
are the rate constants of (R1-3) and R(1-5). Tleadststate © concentration is
proportional to the [N@J/[NO] ratio. Most of the NOx is emitted in the farof NO
rather than N@ and Q concentrations in the troposphere are usuallyddorbe higher
than the values calculated from the simple stegalgsanalysidSeinfeld and Pandis
1997} indicating the occurrence of some other reactiorise troposphere which convert
NO to NG without the consumption of O

As shown in Figure 1-1, these reactions are fulkledarbon-containing species, such
as CO and volatile organic compounds (VOCs), amdimitiated by the oxidation of

these species by OH radicals, the major sourcenaftwis the photolysis of £
O; +hv (L < 1180 nm)— O, + OCP) (R1-6)
Os; + hv (A < 319 nm)— O, + O(D) (R1-7)

O(CP) atoms combines rapidly with,@ reform Q (R1-4), whilst OtD) is quenched to
the ground state (€R)) by collision with N and Q:

ofD)+M—>0+M (R1-8)
O('D) also reacts with ¥D(g) and consequently two OH radicals are formed:
O('D) + H,0 — OH + OH i)

In the lower troposphere, as much as 10% of tH®)Ygroduced in (R1-7) reacts with
H,O to generate OH radicals. OH can also be formed fother sources, e.g. the
photolysis of HO, and HONO:



H,0, + hv (A < 400 nm)— OH + OH (R1-10)
HONO +hv (A < 370 nm)— NO + OH (R1-11)

HONO, 05, H,0,, HONO

OH +hv

OH

VOCs, CO

+0;

RO,

+R’0;

R’O0R

Figure 1-1. A simplified schematic of troposphgrimtochemistry

During the daytime the OH concentration is on théeo of 18 molecules cAi in the
troposphere. OH reacts with CO to form H@dicals (R1-12), and reacts with VOCs to
form RG radicals (R1-13):

CO + OH + Q — CO, + HO, (R1-12)
RH + OH + Q — H,0 + RG, (R1-13)

HO, and RQ radicals convert NO to NQOwithout the consumption of Dand OH and
RO radicals are formed, respectively:

HO, + NO— OH + NGO, (R1-14)
RO, + NO— RO + NG (R1-15)

RO radicals react with £xo0 produce HQ which is then converted to OH radicals by the
reaction with NO (R1-14).

RO + Q — R'CHO + HO, (R1-16)



The net effects of reactions from (R1-12) to (R}-&& that CO and VOCs are oxidized
and Q is produced, while OH and HQ@wct as catalysts. The key termination reactions of

the NOx-VOCs photochemistry include

OH + NG + M — HNO; + M (R1-17)
HO, + HO, — H05 + O, (R1-18)
RO, + HO, — ROOH + Q (R1-19)
RO, + NO + M— RONG; + M (R1-20)

and the reversible formations of PANS:
RC(0)00 + NQ + M & RC(O)OONG + M (R1-21)
1.3 Tropospheric nocturnal chemistry

In the daytime, the oxidation of Ny OH to form HNQ (R1-17) is frequently the
dominant process to remove NOx from the troposph®eenfeld and Pandis1997]
During the nighttime, OH production fromz@hotolysis stops and its concentration is
estimated to be below 2x1folecules ci. NO, is now removed via oxidation bys@
form NGO; radicals (R1-22), which react further with N@ produce MOs (R1-23a).
N.Os decomposes back to N@nd NQ (R1-23b) to establish a dynamic equilibrium
between N@, NOs, and NOs, as shown in Figure 1-2.

NO, + O; — NOz + O (R1-22)
NO, + NOs + M — N,Os + M (R1-23a)
N,Os + M — NO, + NOs + M (R1-23b)

The rate constants for N@hotolysis are estimated to be 0.17-0.19@ (R1-24a) and
0.016-0.020 & for (R-24b) at the earth’s surface in the abserfagouds when the solar
zenith angle is JJohnston et al.1996;0rlando et al, 1993]

NOs + hv (<700 nm)— NO + G (R1-24a)
NOs + hv (<580 nm)— NO, + O (R1-24b)

NO;s radicals absorb sunlight strongly and result fietiines of a few second, preventing

build up significant N@ (and thus BOs) during the daytime in the atmosphere. In

-5-



addition, NQ radicals also react with NO (R1-25) with a ratestant of 2.6x16" cn?’
moleculé® st at 298 K[Atkinson et al. 2004] leading to a loss rate of 0.63 & the

presence of 1 ppbv NO.

NO + NO; — NO, + NO, (R1-25)
O3
B A 1 .
R » N2Os =—>|Nitrate
E / A
B
O, /HO s
NO — N02 §
\ 2
B

HNO. NO; ——=> HNO;
_ )

s

i
Nitrate RONO,

Figure 1-2. A simple schematic of the daytime aighttime chemistry of NOy in the troposphere
1.3.1 Tropospheric nighttime chemistry of NO3

At nighttime when its photolysis ceases and NCemmaved from the troposphere by
(R1-5), NG mixing ratios can build up to hundreds of pptvaBtens with NQ radicals
are important nocturnal oxidation processes foryranganic traces gases. h@dicals
react with alkanes and DMS by H abstraction anth awikenes by the addition of N@
the C=C bond, e.g.
CH3CH,CH,CH3 + NO; — CH3;CH,CH-CHz + HNG; (RG)Z

CHsSCHs + NO; — CHsSCHy + HNO; (R1-27)



CHsCH=CHCH; + NO; — CHsCH(ONO,)CH-CHs 1(428)

The second-order rate constants and the correspptitetimes of some VOCs in the
atmosphere with respect to the oxidation by OH;Ndd Q, are listed in Table 1-1,
assuming that OH, N and Q concentrations are 2.5X02.5x16, and 1.25x18

molecules cr, respectively.

Table 1-1 Second order rate constants and thespameing lifetimes of some organic

compounds in the atmosphere with respect to thetioeawith OH, NQ, and Q 2

Species K(X+OHJ  k(X+NOz)® Kk(X+03)° t(X+OH)® 1(X+NOj) ¢  1(X+0O3)°
cis-2-butene 5.60E-11 3.50E-13 1.25E-16 1.98h 3.17h 1.78 h
isoprene 1.00E-10 7.00E-13  1.27E-17 1.11h 159h 17.5h
a-pinene 5.30E-11 6.20E-12  9.00E-17 2.10h 0.48h 2.47h
DMS 4.80E-12 1.10E-12 2.00E-19 23.2h  1.01h 46.3d
methane 6.40E-15 1.00E-18 1.98yr 126yr
n-butane 2.35E-12 4.60E-17 47.3h 276yr
benzene 1.20E-12 3.00E-17 1.00E-21 92.6 h 4.23yr 25.4yr
methyl-benzene 5.60E-12 7.80E-17 1.00E-21 19.8 h 1.63yr 254 yr
ethanol 2.30E-12 2.00E-15 48.3 h 23.2d
acetaldehyde 1.50E-11 2.70E-15 741h 17.2d
acetone 1.80E-13 2.00E-17 25.7d 6.34yr

21t is assumed that OH, N@nd Q concentrations are 2.5%.®.5x16, and 1.25x1% molecules cri. °
Second order rate constants {amolecule™ s?) with respect to the reactions with OH, N@nd Q. All

the kinetics data are adopted from the recommemdati the IUPAC Subcommittee for Gas Kinetic Data
Evaluation Atkinson et al.2004; 2006]. Some of the reactions are so slawahly the upper limits of the
second order rate constants are recommefidaftimes of VOCs and DMS with respect to the aténs
with OH, NG, and Q (h = hour, d = day, and yr = year).

As shown in Table 1-1, the reactions with N€ontribute significantly or even
dominantly to the degradation of alkenes and DM Section 1.3.4), and are especially
important for the oxidation of biogenically emittéekpenes (e.gu-pinene). For other

types of VOCs, e.g. alkanes, aromatic hydrocarbaleshols, aldehyde, and ketones, the



oxidation by NQ and Q are too slow to be important, when compared tor¢faetions
with OH radicals.

Although the losses are dominated by gas phasgiorscNQ radicals can also
heterogeneously interact with particles. The hefeneous uptake coefficient (defined as
the probability that a molecule which collides witte surface is uptaken by the surface;
see Section 1.5 for details) of N©On pure water and ionic solutions (CBr, NO,,
HSO;, SO¥, HCOO, CH,COO, and OH) is between 1.5xIband 6x10, depending
on the type of salts and the salt concentratiothe solution[Imamura et al. 1997;
Rudich et al. 1996a;Rudich et al. 1996b] The Henry’'s law coefficient for NQis low,
with reported values of 0.620.3 M atnfl o) [Rudich et al. 1996a]or 1.8+3 M atrit (2
o) [Thomas et al. 1998] The uptake coefficient of NOwas determined to be
(4.94+3)x107 on solid NaCl salt and 0.16+0.08 on solid NaBt §akisel et a.1997]
The uptake coefficients of NQon dry NaCl, NaBr, Nal, and Mgg&6H,O were also
reported to be in the range of 1%10x10? [Gershenzon et al1999; Zelenov et a).
2008] The interaction of N@with ice and sulfuric acid solution at the tempera of
170 K< T <200 K was found to be relatively slowtiwihe upper limit for the uptake
coefficient ofy < 10° [Fenter and RossiL997]

The uptake coefficients of N(Qbn organic surface vary with organic compositions
[Gross and Bertram2008; 2009Gross et al. 2009;lannone et al.2011] and generally
the reactivity of N@ with the organic surfaces correlates with the kmogas-phase
reactivity of NG [Moise et al. 2002]

1.3.2 Tropospheric chemistry of N,Os

In contrast to N@ N.Os possesses no gas-phase react¥itiinson et al.2004]and
its loss in the atmosphere is dominated by heteremes reaction on the surface of
atmospheric particles. The uptake of on sulfate Griffiths and Cox 2009;Hallquist
et al, 2000;Hallquist et al, 2003;Hu and Abbatt1997;Mozurkewich and Calveri988;
Stewart et al.2004] nitrate[Bertram and Thorntor2009;Wahner et al.1998], sea salts
[Behnke et a].1997;George et al.1994;Schweitzer et gl.1998;Thornton and Abbatt
2005] and organic particleBadger et al. 2006;Escorcia et al. 1998;Escoreia et al.
2010; Thornton et al. 2003]has been extensively investigated. For exampé&upiake
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coefficients of NOs on CI/Br” solution surface currently recommended by the IGPA
Subcommittee for Gas Kinetic Data EvaluatjddPAC, 2009]are given by:

y = 2.5 x 1075¢1800/T (E1-2)

whereT is the temperature in K, and this equation isdvali the temperature range of
260-300 K. The uptake coefficients 0@ (and the temperature dependence if data are
available) on other liquid surface, e.go@{ H,SO;,, NHsHSO,, (NH4)2SO;, NaNG;,
NH4NOs, and organic particles, are also reviewed anduetadl by this committee
[ITUPAC, 2009] However, uptake coefficients of,8; on ambient aeroso[8ertram et
al., 2009a;Bertram et al. 2009b;Brown et al, 2006;Brown et al, 2009a] are often a
factor of 10 or more lower than the values usedthe current large-scale model
parameterizations, which are based on the labgrateasurements. The difference in the
uptake coefficients determined by laboratory staidied field measurements is related to
the multi-component nature of atmospheric aerosdtsch can impact the heterogeneous
hydrolysis of NOs. The mechanism of heterogeneous reactions eDsNwith

atmospheric particles is discussed in detail irtiSed.1.1.
1.3.3 Observation of NO3 and N,Os in the troposphere

Ambient NG radicals were detected for the first time in 1¥80using long path
Differential Optical Absorption Spectroscopy (DOA®)latt et al, 1980] Long path
DOAS provides the average concentration over a ldisjance (usually several
kilometers), and it is difficult to be deployed orobile research platforms like ships and
aircrafts. Recently several new techniques, incdgdCavity Ring-Down spectroscopy
(CRD) and Cavity Enhanced Absorption Spectrosc@&iyAS) [Bitter et al, 2005;S S
Brown et al, 2002; King et al, 2000; Schuster et al.2009] and Laser Induced
Fluorescence (LIF)Matsumoto et al.2005;Wood et al. 2003] have been developed to
measure atmospheric NONO;s radicals could also be sampled and trapped byld co
finger at 77 K, and then analyzed by Matrix IsaatElectron Spin Resonance (MIESR)
[Mihelcic et al, 1993]

Recently, atmospheric s has also been detected after being thermally ciestsal
to NGs, using CRDOBitter et al, 2005;Brown et al, 2002;Schuster et al2009;Simpson
2003] Laser Induced Fluorescence (LIFjatsumoto et al.2005;Wood et al. 2003]
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and Chemical lonization Mass Spectrometry (CIMShsher et al. 2004] and also
directly measured by CIMBKercher et al. 2009]

The mixing ratios of N@(and thus MNOs) vary with the concentrations of precursors
(i.,e. NG, and Q) and sinks (alkenes, DMS, aerosols), as well astéimperature. The
highest N@Q mixing ratio reported up to date is more than @@ in an arid and
polluted environmenfAsaf et al. 2009] The NOs mixing ratio can reach more than 10
ppbv [Brown et al, 2003b] In the atmosphere NONOs;, and NOs are in equilibrium
most of the timgBrown et al, 2003a] The lifetimes of N@ and NOs also vary a lot
with the strength of sinks, with NQifetimes ranging from about 10 s to more than®00
S in the tropospheré\yers and Simpse2006;Crowley et al. 2010a;Geyer et al.2001;
Heintz et al. 1996;Martinez et al. 2000]

Most of the NQ and NOs measurements have been performed at ground lelvid,
NO; profiles can also be derived from passive DOASmdusunrisegvon Friedeburg et
al., 2002]or long path DOAS by installing several reflectimirrors at different heights
[Stutz et al.2004] The development of new instruments, e.g. CRDGIMIS, makes the
direct measurements of N@nd NOs vertical profiles possible by deploying them on
mobile research platforms (e.g. aircrafts). In gahdlO; and NOs concentrations and
their lifetimes were found to increase greatly withight above the grouri@rown et al,
2007a;Brown et al, 2007b;Stutz et al.2004]

1.3.4 Impacts of NO3 and N,Os chemistry in the troposphere
1.3.4.1 NOx loss and photochemical Oz production

The nocturnal losses of NOx, mainly through thectieas of NQ with VOCs and
heterogeneous uptake ob®¥, impact the NOx budget directly and thus influetice
photochemical production rate og @and OH)[Dentener and Crutzeri993;Evans and
Jacolh 2005] as shown in Figure 1-1. The contribution of tleetarnal NOx loss to the
diurnal loss depends largely on the seasons anld¢hgons. The relative contribution of
the reactions of N@with VOCs versus the heterogeneous reactions,0% ldlso varies,
depending on the concentrations of biogenic alkesme$d DMS, the aerosol surface
concentration, relative humidity, and temperaf@eyer et al. 2001] For example, in a

rural site in the Baltic Sea, the nocturnal remow&dlNOx was dominated by the
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heterogeneous losses of,§ [Heintz et al. 1996] whereas in a polluted marine
environment, the contribution of the reactions @;Nvith VOCs to the nocturnal NOx
loss are approximately equal to that of the hetemegus reaction of /s [Aldener et al.
2006] In a rural mountain-site in south-western Germang nocturnal NOx losses were
dominated by the reactions of N@adicals with VOCHCrowley et al. 2010a] Other
nocturnal NOx loss processes, including the dryodieon of NQ and NOs, gas-phase
reaction with of NOs with H,O, and the heterogeneous removal of;NfD aerosol

surface, are generally of no real importaféeyer et al.2001]
1.3.4.2 Degradation of organic species

The reactions with N@are important degradation processes for biogelkienas
and DMS, and sometimes even dominate over theibatibn of the oxidation by OH
radicals. For example, the reaction with N@as found to be responsible for ~70% of the
oxidation of total VOCs and ~75% of the olefinic €8 in the summer of Jerusalem,
about twice of the oxidation potential of the OHlicals [Asaf et al. 2009] In the
anthropogenically-influenced eastern Mediterranetepending on the season, NS
estimated to be 2.7-8.5 times as effective as OBMS oxidation[Vrekoussis et al.
2006] In a coastal region with influence from both l@ag and anthropogenic emissions,
the VOCs emitted by the natural sources were oxdlizy NQ to a significant fraction,
while anthropogenic VOCs and oxygenated VOCs maiescted with OHWarneke et
al., 2004] In the same campaign, the average DMS lifetintl vaspect to oxidation by
OH at noon was 13.5£3.4 @) h, while at night DMS lifetimes with respect tdOpl
oxidation varied with sampling regions from 11 nor28 h[Osthoff et al.2009]

1.3.4.3 Particulate nitrate for mation

The heterogeneous loss 04 on aerosol surface impacts the photochemical O
production via removal of N From the aerosol point of view, the heterogeneous
reaction of NOs on aerosol surface and the reaction o M@h DMS to from HNQ by
H abstraction (R1-28), can also contribute sigaifiity to the formation of particulate
nitrate. In the anthropogenically-influenced eastelediterranean, the reaction of DMS
with NOs and the heterogeneous reaction gDNtogether account for ~50-65% of the

total nitrate productiofiVrekoussis et gl.2006] The total nitrate formation through the
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heterogeneous #0s hydrolysis is estimated to be a factor of ningéarthan the daytime

total nitrate in the winter at the San Franciscy B&ood et al.2005]
1.3.4.4 Chlorine activation

The heterogeneous reaction of(y with chloride in particles produces CINO
[Behnke et a].1997;Finlayson-Pitts 2003;Finlayson-Pitts et aJ.1989;Frenzel et al.
1998;Roberts et a).2008;Roberts et al.2009] which will accumulate at night and be
photolyzed after sunrise to produce Cl atoms, witah increase the oxidation rate of
hydrocarbons in the troposphere and influence qutn@mical cycles that catalytically
destroy or produce tropospheric ozqA@ipping and Dabdup2003] Levels of CINQ
up to hundreds of pptv have been observed in bethtarine Qsthoff et al. 2008] and
continental boundary layérhornton et al.2010]

1.3.4.5 Organic nitrate and organic aer osol for mation

The oxidation of biogenic VOCs (e.g. isoprene arfginene) by NQ@ radicals, can
also contribute to the formation of organic niteaged secondary organic aerosols (SOA)
[Bonn and Moortgat2002;Fry et al, 2011;Ng et al, 2008;Perring et al, 2009] For
example, the organic nitrate yield from the reacta isoprene with N@radicals is
found to be 65+12 %, of which the majority was auitxy carbonylgPerring et al, 2009]
The organic nitrate yield from the reaction of N®ith limonene was measured to be
approximate 30%, while the SOA mass yield was olegskto be 25-40%Fry et al,
2011] The SOA yield from the reaction of N@ith isoprene (defined as the ratio of the
mass of organic aerosol formed to the mass of pdmgirocarbon reacted) in a smog
chamber study ranges from 4.3% to 23.8%, and ~2 Tg yr' of SOA is estimated to
result from the reaction of isoprene with Ni@dicals, using a uniform SOA yield of 10%
[Ng et al, 2008] The contribution of nocturnal oxidation of isopeeto SOA was
determined in the range of 1-17% in the summeratiast US, and the isoprene SOA
mass derived from oxidation by NQvas calculated to exceed that due to OH by

approximately 50% Brown et al, 2009b]
1.3.4.5 Aging of organic aerosols

The heterogeneous oxidation of organic particlesNg radicals might be an

important process for the aging of organic aerogolthe atmospheréDocherty and
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Ziemann 2006;George and Abbat2010;Gross and Bertram2009;Knopf et al, 2006]
The heterogeneous interaction with N&hd NOs might also contribute to the nitration
of particulate polycyclic aromatic hydrocarbons gmiteins, probably making these

particles more harmful to human hedlimanze et al.2005;Schauer et al.2004]
1.4 Mineral dust aerosolsin thetroposphere

1.4.1 Emission, transport, and mineralogy of mineral dust aerosols

Mineral dust aerosols consist of soil particlest thee lifted into the atmosphere
when winds of high speeds occur over erodible seggVlahowald et al. 2005] The
average modeled emission fluxes of the total aéspsea salt, mineral dust, sulfate,
organic aerosol, and black carbon are 18800, 166840, 179, 96.6, and 11.9 Tg'yr
respectively, making mineral dust the second ldargesirce of atmospheric aerosols
globally [Textor et al. 2006] The average atmospheric burden is 19.2 Tg forerain
dust, 7.52 Tg for sea salt, 1.99 Tg for non-seassdfate, 1.70 Tg for organic particles,
and 0.24 Tg for sodfrextor et al. 2006]

Mineral dust aerosol is mainly emitted from ariddasemiarid areas, and the main
sources are distributed across a band of arid megio the Northern Hemisphere that
extends from the west coast of North Africa, actbesMiddle East, and into central Asia
[Prosperg 1999] After being emitted into the atmosphere, mineat particles with a
mass mean diameter <fin can be transported over thousands of kilomét&ssperg
1999] For example, African dust aerosol can be trarisedoacross the Atlantic to
southeastern U$Prosperg 1999] the CaribbeariProspero and Lamb2003] and
Europe[Ansmann et al.2003;Querol et al, 2009] Dust aerosol emitted in central Asia
has been found to be transported to Jgpdmnmizu et al. 2004] Korea[Chun et al.
2001] and even western US across the Paffarlie et al., 2007]

The mineralogical composition of dust has beenreggd on a global scal€laquin
et al, 19991 illite, kaolinite, and smectite were found tothe major minerals in the clay
fraction (<2 um), while calcite, quartz, feldspar, hematite, yygpsum are the major
minerals in the silt fraction (2-50m). Mineralogical classification of Asian dust pelgs
shows that the most common single particles arg atmregates (48%) that are often

mixed with nano-sized calcite, followed by partlef quartz (22%), plagioclase (11%),
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coarse calcite (6%), and K-feldspar (5%); the ayermineral composition of the bulk
dust samples was quartz (28%), interstratifiededimectite (22%), plagioclase (11%),
illite (19%), K-feldspar (8%), calcite (8%), chltei(2%), smectite (1%), and kaolinite
(1%) [Jeong 2008] For the Saharan dust transported to northeaStgam, the minerals
identified in the dust by X ray diffraction are fadlows (by order of abundance): illite >
guartz > smectite > palygorskite > kaolinite > dalc> dolomite > feldspar, and
differences in mineralogy between source regioessagnificant for smectite, kaolinite,
quartz, and dolomitgAvila et al, 1997] The chemical formulae and structures of main

minerals contained by dust particles are listelippendices A5.
1.4.2 Tropospheric chemistry of mineral dust aerosols

The deposition of mineral dust into the ocean dutransport, estimated to be 1500-
1800 Tg yi* [Mahowald et al. 2005] is the major input of soluble iron into many open
ocean regions, where the primary productivity mmited by the availability of iron
[Martin, 1990] Therefore, the deposition of mineral dust inflces the oceanic
biogeochemistry and the oceanic uptake and/or emigd a group of trace gases which
are important to atmospheric chemistry and clintht@nge, including C£ DMS, N,O,
CHa,, halocarbons, CO, and isoprene ef&tkells et al. 2005]

Mineral dust aerosols can scatter and absorb aoldrterrestrial radiation and thus
influence radiative forcing directly. The maximunptical depth due to mineral dust
aerosols is estimated to be 0.4-0.5 on the glatak§Tegen and Fungl994] African
mineral dust was found to be the dominant lighttecimg aerosol throughout the tropical
and subtropical North Atlantic region, with the seattering about four times higher than
that due to non-sea-salt sulfate Li et al, 1996] The dust aerosol radiative forcing is
estimated to range from -0.47 to -0.24 W &t the top of atmosphere and range from -
0.81 to -1.13 W i at the surface, after the mineralogy compositiamsl the
corresponding mineral dust aerosol refractive iesliare taken into accouiialkanski et
al., 2007]

Mineral dust particles can also act as ice nut) &nd perhaps cloud condensation
nuclei (CCN) and therefore influence radiative fiogcindirectly. Many components (e.g.,

illite, kaolinite, calcite, and quartz) and surrteg(e.g. Arizona Test Dust) of mineral
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dust particles are found to be effective ice nutidaboratory studiefArchuleta et al.
2005; Eastwood et aJ.2008;Knopf and Koop2006;Salam et al.2006;Zimmermann et
al., 2008] Asian dust particles were observed to affecfdnmation and phase of clouds,
and hence their radiative properties as far awaynathe US[Sassen2002] When
Saharan dust layers were present, the measuredrbewtration in Florida (>1 cf)
exceeded typical values by at least a factor o1 @Q4n the heterogeneous ice nucleation
regime[DeMott et al, 2003] Saharan dust particles were also suggested # rhain
constituent of ice nucleating aerosols in centrarope [Klein et al, 2010] The
hygroscopic growth of mineral dust particles unsldssaturated conditions is found to be
quite small[Gustafsson et gl2005;Navea et al.2010;Vlasenko et al.2005} however,
they can also be activated as cloud droplets atrsafuration lower than required for
insoluble particledKoehler et al. 2009; Sullivan et al. 2009a] probably due to the
soluble components in the partic[éelly et al, 2007] It has also been demonstrated that
Saharan dust particles do commonly act as cloudieasation nuclei (CCN) in the
eastern North AtlanticTwohy et al.2009]

Laboratory studies demonstrate the heterogeneaations of mineral dust particles
with some atmospherically important traces gaseguding (but not limited to) HN®
[Goodman et al. 2000; Hanisch and Crowley2001a;Vlasenko et a). 2006] N,Os
[Seisel et a). 2005; Wagner et al. 2008] NO; [Karagulian and Rossi2005] H,O,
[Pradhan et al.2010a;Pradhan et al.2010b] and NQ [Ndour et al, 2009;Ndour et al,
2008] thus directly or indirectly impacting the atmospb burdens of NOx, §and OH.
For example, Asian dust was estimated to reduce N®gIs by up to 50%, HO
concentration by 20-80%, and ozone production raiesip to 25% in Eastern Asia
[Zhang et al. 1994] A global modeling study suggested that the hgemeous reactions
with mineral dust can impact the oxidation of S@e scavenging of HN{y), and the
formation of ozongDentener et aJ.1996] In the MINATROC campaign the daytime
mixing ratios of @, NOx, and HO, were observed to drop by 33%, 35%, and 48%
during a Saharan dust event, respectively, whiéerthid-day ROx mixing ratios were
reduced by 47% compared to dust-poor dagsReus et gl2005] During an Asian dust
storm, Q, SG, NO,, and HNQ in the near-surface layer were modeled to be ety
up to 20%, 55%, 20%, and 95%, respectively, duthéoheterogeneous reactions with
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mineral dust particlefTang et al. 2004] The introduction of heterogeneous reactions
with mineral dust can decrease modeled Ox and N@hcentrations in a megacity,
Beijing, by 44-55% and 8-9%, respectivéihu et al, 2009]

Heterogeneous processing of mineral dust can chatsge change chemical
compositions. For example, laboratory studies ssigat nitrate is formed on the dust
particles due to the heterogeneous reactions Wii®4{ Goodman et al.2000]and NOs
[Seisel et a).2005] and that sulfate is formed due to the heterogeneaidation of S@
on the dust surfadé Li et al, 2006;Usher et al. 2002]

Field measurements confirm that mineral dust dadiandergo substantial chemical
aging during transport and become internally mixeth nitrate and sulfate due to
heterogeneous reactions. For example, during tnesport of Asian dust, particulate
nitrate was found to be nearly ten times lagerdapah than that near the source, and
sulfate concentration was also increased, while rélative concentrations of crustal
elements were almost constéhtori et al, 2003] During ACE-Asia campaign in April
2001, measurements of individual dust particlesstiat significant fractions of the dust
were internally mixed with secondary acids and amomo, with nitrate and chloride
enriched in supermicron dust while sulfate and amom enriched in the submicron
mode[Sullivan et al. 2007] About 5-30% of the CaC{n the Asian dust was converted
to CaSQ or Ca(NQ), with an additional ~4% consumed through the reactvith HCI
during the transport across the North Pacific, &/iml the boundary layer of Mexico city
rich in NOx, 30% of the CaC{was converted to Ca(N2 and another 8% reacted with
HCI [McNaughton et al.2009]

Modeling studies further highlight the importandeheterogeneous reactions in the
aging of mineral dust aerosols. For example, dugbund to be an important surface for
particulate nitrate formatiofnZhang et al. 1994] During the ACE-Asia campaign,
heterogeneous reactions led to >20% of the subiaig >70% of the nitrate being
associated with the coarse fraction of dust padiclang et al. 2004] The fraction of
aerosol nitrate on dust in the model was estimaiadcrease from ~30% in fresh Asian
outflow to 80-90% over the Northeast Pacjfi@irlie et al., 2010]
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The change of composition of mineral dust due tiedogeneous reactions further
modifies its physicochemical properties (e.g. hggapic growth) and thus its efficiency
to act as cloud condensation nuclei (CCN). SoluBkecontaining chemicals, e.g.
Ca(NGy), and CaCl, are very hygroscopic and can be activated as S§i@Nar to sulfate,
and insoluble Ca-containing species, e.g. Ca@@ CaSQ are much less hygroscopic
and have poor CCN activation ability, while calciaxalate lies in betwedisullivan et
al., 2009a] Solid CaCQ particles can also become internally mixed witf{NEas), and
be converted to aqueous droplets due to the heteeogs interaction with HN{Q)
[Krueger et al. 2003]or NG, [Liu et al, 2008] Nitrate-containing Asian dust particles
are found to appear in the aqueous phase evetaiveehumidity (RH) as low as 15%,
while dust particles containing no nitrate (everewlsulfate is contained) do not change
their crystalline morphology even when RH increase®0%[ Shi et al, 2008]

The aging of dust particles can also change tHéaiency of acting as ice nuclei
(IN). Sulfate (HSO; or (NHs).SOQy) coating can cause permanent chemical and/or
physical modification of the ice active surfaceesibn the dust particles and thus reduce
the ice nucleation ability of mineral dust partegl€hernoff and Bertrag2010;Cziczo et
al., 2009; Eastwood et a).2009; Niedermeier et a).2010;Sullivan et al. 2010b] The
effect of nitrate coating on the ice nucleatiordaét particles is quite complex: exposing
Arizona Test Dust particles to HN@) is found to impair subsequent deposition ice
nucleation below water-saturation, but promote emsation/immersion freezing on
approach to water saturation, and have no appangpdct on freezing of activated

droplets above water saturatigullivan et al. 2010a]
1.5 Atmospheric heter ogeneousr eactions

Heterogeneous reactions are chemical reactions Imchwthe reactants are
components of two or more phases or in which oneare reactants undergo chemical
change at an interface. In atmospheric chemistryinconity, heterogeneous reactions
usually mean reactions between gaseous speciethaniduid or solid phase and/or its
surface. The most widely used approach to desdtieekinetics of heterogeneous
processes is to use the uptake coefficienjhich is the net probability that a molecule X

which undergoes a collision with a surface is dbtuaken up at the surfadéUPAC,
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2009] This approach links the processes at the interéad beyond with the pseudo-

first-order loss of X in the gas phase:
<A [X] (E1-3)

where [X] is the concentration of X in the gas phémolecules cif), t is the reaction
time (s), k is the pseudo-first-order loss rate constant ofsX), A is the surface
concentration of the condensed phase’(@mi®), and¢ is the average molecular speed of

X (cm sh):

c= [ (E1-4)

™

whereR is the gas constank,is the temperature in K, aid is the mole mass of X. For a
specific heterogeneous reactiognmight depend on the reaction time, the gas phase

concentration of X, temperature, relative humidégd the coexistence of other gases.

If the uptake of X on the surface is fast, molesuté X near the surface will be
significantly depleted and the uptake process mighlimited by gas phase diffusion of
X to the surface, resulting in a measured uptakfic@ent, ymea Which is smaller than
the true uptake coefficient, In this case, a correction factor is usually &pko that
(E1-3) can still be used to relate the net fluxainto the surface with the overall loss of
X in the gas phase. Under approximate steady-atsemptions, the effect of gas phase
diffusion can be corrected by using approximatenfdas which can be written as a
resistance equation that decouples gas phaseidiffaad heterogeneous processes:

L1y - (E1-5)
Ymea Y  Taifr

The parametely; s, takes into account the effect of gas phase ddfusThere are several
different approaches to calculdlgsr [Davidovits et al. 1995; Davidovits et al. 2006;
Fuchs and Sutugjril970;Kolb et al, 2002;Kolb et al, 1995;Poschl et al.2007] In this
study the Fuchs-Sutugin formulatiffifuchs and Sutugjrl970]is used:

1 0.75+0.283Kn
Fdiff - Kn(1+Kn)

(E1-6)

whereKn is the Knudsen number, defined as
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Kn =21/d (E1-7)

whered is the diameter of the particle, ahis gas phase mean free path of X and can be

expressed as
A=3D,/¢c (E1-8)

whereDy is the gas phase diffusion coefficient of X, whazn be measured or estimated
[Reid et al. 1987]

For the heterogeneous interaction of a traceXjawjth liquid particles, the overall
uptake process further consists of several fund&ahesteps, including the mass
accommodation onto the surface, the solvationysiifin, and reaction in the liquid phase
[Ammann et al.2003;Davidovits et al. 1995;Davidovits et al. 2006;Davidovits et al.
1991;Poschl et al.2007] In addition, reactions can occur directly on shieface without
being accommodatefiHanson 1997; Shi et al. 1999] Under proper steady-state
assumption, all the processes can be deconvolatt@xpressed as a resistance equation
[Davidovits et al.2006]

This study investigated the heterogeneous reactigtiismineral dust particles, for
which the diffusion and solubility of a trace gas, are usually mall or negligible.
Heterogeneous reactions with solid particles ateno€haracterized by adsorption of X
on the surface, followed by the competition betweeaction of the surface and
desorption of X from the surface. There are geheravo different mechanisms of
surface reactions:

The first type is Langmuir-Hinshelwood mechanisnhjali involves the adsorption
of the trace gas (in this case, X) and the follgveaction of the adsorbed X with a
surface adsorbed species, Y. The uptake coeffioérX, y, can be parameterized as
[Crowley et al. 2010b]

1 — 1 + 1 (E1-9)

Y Ag Is
where as is the accommodation coefficient of X on the scefaandl1/[s can be

considered as the resistance for the surface o@aethich is given by

1 _ 1+Kpangc(X)[X]g 1('&0)

Is ks[Y]s@sTdes

-19-



where[X] 4 is the concentration of X in the gas phase (mddscan?®), ks is the surface
reaction rate coefficient (cmmoleculé' s%), [Y]s is the surface concentration of Y
(molecules cri), andrgesis the lifetime of adsorbed X with respect to tesorption ().
(E1-9) and (E1-10) imply that the uptake coeffitidapends negatively on the gas phase
concentration of X, i, 4n4c(X)[X]4 is similar or larger than 1 (i.e. at high surface
coverage). This is very important to interpret tingtake coefficients measured by
laboratory experiments to values at ambient cooniti because the concentrations of X
used in the laboratory studies are sometimes omfersagnitude higher than ambient
levels, leading to a significantly higher surfaceverage. This mechanism has been
successfully used to parameterize the uptake cositi of HNQ(g) on Arizona Test
Dust[Vlasenko et al.2009;Vlasenko et al.2006]

The second type is Eley-Rideal mechanism, whiclolres the direct reaction of X
with a surface adsorbed species, Y. In this cdseuptake coefficient of Xy, can be

parameterized byCrowley et al. 2010b]
Y = ¥gs(X) - 0(Y) (E1-11)

whereyy(X) is the elementary reaction probability that a gedecule X which collides
with Y adsorbed on the surface reacts with it, 8 is the surface coverage of Y. (E1-
11) suggests that in the Eley-Rideal mechanism,ufitake coefficient of X does not

depend on the gas phase concentration of X.

Two extreme types of reaction are: 1) catalytic ahdurface poisoning. In the first
case, the surface reactive sites are not consuntketha reaction continues with the same
rate, independent of exposure time (upper panéligiire 1-3). In the second case, the
heterogeneous reaction can completely deactivatsutface, i.e. the surface reactivity is
consumed and it cannot uptake any more X moleaftes some exposure time (lower
panel of Figure 1-3). An intermediate case is wlkeme process can replenish the
surface on the time-scale of the deactivation, fodiffusion into the bulk plays an
important role. In this case, the uptake becomewesl with time but does not stop

(middle panel of Figure 1-3).
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Figure 1-3. Synthetic data of the decay of theetrgas, X, due to the heterogeneous uptake when the
particles sample is exposed to the gas from 2@@balu. (a.u. = arbitrary unit). Upper panel: ndaxe

deactivation. Middle panel: partial surface deatton. Lower panel: complete surface deactivation.
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2 Experimental proceduresand setups

In the course of this work, four different experimed setups were used to investigate
the heterogeneous reactions of ;N&hd NOs with mineral dust particles: (1) a novel
relative rate method was developed to study therbgéneous uptake of N@nd NOs
on atmospherically-relevant particles; (2-3) twmaspheric-pressure aerosol flow tubes
were employed to investigate the heterogeneousattten of NOs (and HNQ) with
airborne mineral dust particles; (4) the fractidrN®, produced from the heterogeneous
reaction of NOs with Saharan dust was measured by Thermal Digsmti€avity Ring
Down spectroscopy. All the chemicals and materigded in this work are listed in
Appendices A3.

2.1 Relative rate method appar atus

The apparatus for relative uptake measurementsh@sn in Figure 2-1, consists of
three main parts: Nfand NOs generation (red), trace gases-particle samplesaiction
(blue), and N@N2Os detection (green).

to ambient aif

f

F1
S /needle valve
filter holder
/h =ating belt /
® &
U

N2Os crystals

-
Ethanol bath 15 pump

1= —p=+ CRD —=» {to pump

F3
o » Le A
U
filter holder
F4 =™ water
=

Figure 2-1. Schematic diagram of the relative rm&thod apparatus. F1, F2, F3, F4, and F5 are riwags f

controllers. The heater was operated at 60:&5The ethanol bath was kept at <€D
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2.1.1 NO3 and N,Os gener ation

N2Os crystalline was prepared by mixing dried flowspofe NQ (99.5%) and @in
O, at room temperature (R2-1 and R2-2a) in a glamstoe and trapping the product in a
cold finger held in ethanol-dry ice bdthahey et al. 1985}

NO, + O; — NOs + O, (Rp-1
NO, + NOs + M — N,Os + M (R2-2a)

A large excess of £xoncentrations ensured that all Nfdas oxidized. This was checked
by visually inspecting the complete disappearari¢keobrown color of N@gas within a

few seconds of mixing.

Gaseous bDs was eluted from a crystalline sample held at ~R1® a 200 sccm
(standard cubic centimeter per minute) flow of (N1) and then diluted dynamically to
generate a flow (~500 sccm) containing several rechdptv of NOs, after being diluted
to 10 SLM (standard liter per minute). The flow when passed through a section of
PFA tubing heated to 60—6& to convert some (usually ~50%) of the(yto NGs. The
flow containing NQ and NOs was subsequently diluted further (F3+F4) by syinthesr
to 10 SLM, the relative humidity (RH) of which cdube adjusted by changing the ratio
of flows through F3 (humidified flow) and F4. Thercentration of N@and NOs could
be changed by adjusting F5.

The mixed NQ and NOs sample generated in this manner should contaimieas
amount of NQ. Previous worKIUPAC, 2009]has shown that NQOnteracts only weakly
with mineral dust with an uptake coefficient ofdekan 10, so it does not significantly

affect the measurements.
2.1.2 Aerosol sample generation and preparation

The total 10 SLM flow was directed through a cléapm pore Teflon (PTFE)
membrane filter (Pal Teflon R2PJ047) held in a Hifi&r-holder (referred to as the
“blank” path) or through a particles-loaded fil{geferred to as the “sample” path). The
gas-flow could be alternately directed through epath via PFA valves and the two
paths were identical in terms of tubing materiald aesidence time, the only difference

being the state of the filter.
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Saharan dust particles were dispersed by a comamheotating brush generator and
then collected on the filters. The Saharan dustighas generated in this way have an

average aerodynamic diameter ofuf2 (see Chapter 4 for more details).

Ambient aerosols were sampled directly outsidewflab in the second floor of the
MPI Chemistry main building. A sample flow rate bf® h™ was used over a typical
sampling time of 48 h, and the mass of ambientigbest collected on the filters was
between ~0.4 and 0.8 mg. After the sampling, theré were sealed and stored &Ct
before use. As the building is close to busy roadd several large motorways, the
aerosol is expected to be mainly transport-gengratabonaceous components. No
aerosol characterization was carried out, thougbuali inspection confirmed the

discoloration of the filter by black carbon partis!

Freshly-generated soot particles were sampled tr@rmflame of a burning candle
onto clean microscope glass slides before beimgfeared onto the PTFE filters using a
clean knife edge. The soot did not adhere wellh® filters and thus weight of the
samples was not determined. The composition of geoérated using a candle flame is
expected to depend on the burning mode of the eaantti on chemical additives to the
wax and the wickPagels et al. 2009] hence the mass fractions of elemental carbon,

inorganic and organic matter in our soot samplegwaknown.

After exiting the filters the gas-mixture was diestt into the two cavities of a Cavity
Ring-Down spectrometer (CRD). 4 SLM was passed tiéoNQG channel and the other
6 SLM was passed into the NN,Os channel. The CRD instrument is described in
Section 2.3.

2.2 Aerosol flow tubes

Two different aerosol flow tubes (AFT, denoted hase “old” and “new”) were
developed to study the heterogeneous interactianiéral dust aerosols with,8s, at
concentrations ranging fromx50** to 3x10** molecules cii. The new AFT was also

employed to investigate the heterogeneous uptakiNG¥; on Saharan dust aerosols.
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2.2.1 Theold aerosol flow tubefor N>Os

The old aerosol flow tube deployed in this studgimilar to that used bwagner at
al. (2008) except the method used to sample gas from thetfibe. Experiments were
all conducted at or close to atmospheric pressav®( Torr) and room temperature
(2962 K). The flow reactor, with the schematic whoin Figure 2-2 and the photo
shown in Figure 2-3, is a vertically mounted Pynalxe with the length of 120 cm and the

inner diameter of 4.1 cm. JNvas used for all the flows unless otherwise stated

& F

Fe H <"
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Fay L A
mixing
| volume N2Os crystals
RBG g
SLM
water EEH-—\
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2 SLM\
filtered
lab air [CRD
APS
I y 6SLM
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Figure 2-2. The schematic diagram of the old adrt@e tube apparatus. RBG=Rotating Brush Generator
APS=Aerodynamic Particle Sizer, CRD=Cavity Ring-Dowpectroscopy. The typical total flow in the
AFT was 3010 sccm, with FA+FB=2000 sccm, FC+FK=2806m, FD=800 sccm, FE=10 sccm. The total
flow in the CRD was 6000 sccm, with FH+FI=5600 scarpurge gas flow of 200 sccm, and the flow
sampled from the AFT. FG, with a flow of 200 scamgs used to prevent particles from entering thé 1/8
sample tube. The ethanol bath was usually ke&=tG.



Figure 2-3. The photo of the old aerosol flow talpparatus.
The typical total flow in the AFT was 3010 sccnsukting in a Reynolds number of
112, an entrance length of ~26 cm to develop larfiosvy, and a mixing length of ~42

cm. The Reynolds numbeRg is calculated byKeyser 1984]

Re = 2'r7'7”'p £2-1)

wherer is the radius of the flow tube (2.05 cm)s the linear speed of the flow (4.19 cm
s, calculated from the total flow in the AFT and traglius of the AFT)p is the gas
density (1.17x18 g cm® at 750 Torr and 28), andy is the gas viscosity (1.791.17%40
g cm' s%). The entrance lengthg, is then given byKeyser 1984]

Le =0.012-7-Re (E2-2)

And the mixing lengthl.mix, is given by|Keyser 1984]
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5:-Dg

Lmix = (E2-3)

whereDy is the diffusion coefficient of MDs (0.085 cmis*, [Wagner et a].2008)

Bulk dust samples were dispersed and entrained¢het800 sccm flow (FD) using a
commercially available rotating brush generator GRBor Saharan dust and illite) or a
self-made dust aerosol generator (for ATD). Thesd flow was then mixed with the
2000 sccm carrier gas flow (FA+FB), transportecbtigh the 1/4” metal tube, and
introduced into the top of the AFT via a side arfime carrier gas flow could be
humidified before mixing with the aerosol flow, éhag the RH in the AFT to be
adjusted up to 67%. In some experiments, the akfloso after the dust generator was
immediately mixed with the carrier gas; while imeits, the aerosol flow was transported
through a glass mixing volume (~5 L) before miximgh the carrier gas. The residence
time in the mixing volume was about 6 min, andghepose of using this mixing volume
was to smooth spikes in the aerosol number coratémir The results of the two

different sets of experiments are discussed in @na&p

A small N, flow (10-40 sccm, FK) was used to elute theOMNcrystalline held at
223 K, diluted by FC to 200 sccm, and transportedugh the 1/8” PFA tube (i.d. ~1.5
mm) into the lower 10 cm of the injector (i.d. 5 mooated with FEP) and then into the
flow tube. Another small flow (FE, 10 sccm) wasdise purge the injector. The position

of the movable injector defines the interactiondiof NbOs with mineral dust aerosols.

The wall of the AFT was kept dusty and thus higtdgctive towards pOs. In this
case the loss of J®s on the wall was close to being gas-phase diffubioited and thus
remained constant during an experiment no matter rhany dust particles were present
in the AFT. The diffusion-limited wall loss rate this cylindrical tube is calculated to be
0.075 &, according to

k‘c/iviff _ 3.66:Dg (E2-4)

r2

wherer is the radius of the flow tube (2.05 cm) dbglis the diffusion coefficient of
N,Os (0.085 cri s, [Wagner et al.2008). The wall loss rate was routinely determined
by measuring the D5 concentration at different injector positions.ypital result of the

wall loss rate measurement is shown in Figure gidng a measured wall loss rate of
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0.048 + 0.0028(1 o), which confirms the assumption that thgOywall loss is largely

limited by gas phase diffusion.

W77
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Figure 2-4. Exponential dependence of measur€ Moncentration on residence time in the aerosal flo
tube. The red curve is the weighed least squares @ponential fit, and the slope of the fit (8% 0.002

s', 10) is the measured wall loss rate.
2.2.1.1 Gas-particle separation

The Cavity Ring-Down spectroscopy (CRD) used to suea NOs is described in
detail in section 2.3. This instrument has a very Hetection limit (a few pptv) for NO
and NOs, but is also very sensitive to the scatteringeybaols. As shown in Figure 2-2,
the total flow in the CRD was 6000 sccm, consisth¢he 200 sccm purge gas flow, the
5600 sccm dilution flow (FH+FI), and the flow samglfrom the AFT through the 1/8”
PFA tube (200 sccm). High concentration aerosotheénAFT might deposit on the wall
of the sampling tube and/or on the filter usedttp she particles entering into the CRD,
and thus lead to additional loss ofO4. Therefore, a counter flow of 200 sccm (FG, and
the flow rate was optimized) was used to preveatabrosols from being sampled. In
addition, a Teflon filter was always placed befdhe CRD apparatus to protect the

cavities.
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The usage of the counter flow enabled particles-&ie (<1 particles cify measured
by a TSI 3010 Condensation Particle Counter) tgdrapled from the flow tube, though
it also resulted in additional dilution of;8s. In order to calculate the dilution factor, 200
sccm NQ flow (about 2100 ppmv, measured optically) wasadticed into the AFT
through the injector and the final concentrationtire CRD was measured by the

absorption at 662 nm.

The total dilution factor, defined as the ratiotloé concentration in the AFT to that
measured in the CRD, was experimentally determiadze 645. With this dilution factor,
the initial N,Os concentration in the AFT could be calculated frahe N.Os
concentration measured by CRD, after taking intmant the loss on the wall of the AFT,
the loss on the filter, and the loss in the CRgity.

2.2.2 The new aerosol flow tube for N,Os

The new aerosol flow tube was designed and devel@se part of this work.
Experiments in the new AFT were all performed akelto atmospheric pressure (~750
Torr) and room temperature (29612 K). The flow tubs shown in Figure 2-5, is a
vertically mounted Pyrex tube with the length o61@n (length between the side arm
and the bottom end) and the inner diameter of m1The typical total flow in the AFT
was 2200 sccm, resulting in a Reynolds number E251), an entrance length of about
28 cm to develop the laminar flow (E2-2), and aingXdength of ~17 cm (E2-3). Nvas

used for all the flows unless otherwise stated.

Bulk Saharan dust samples were dispersed and reedraito the 800 sccm flow (FD)
using the rotating brush generator. The aerosul fl@as then delivered into a 5 L glass
mixing volume. After exiting the mixing volume, tteerosol flow was diluted by the
1200 sccm carrier gas flow (FA+FB), transportecbtigh the 1/4” metal tube, and
introduced into the top of the AFT via a side arfime carrier gas flow could be
humidified before mixing with the aerosol flow, éhag the RH in the AFT to be
adjusted up to 55%.
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Figure 2-5. The schematic diagram of the new aérfisv tube apparatus. RBG=Rotating Brush

Generator, APS=Aerodynamic Particle Sizer, CRD=aling-Down spectroscopy. The typical total
flow in the AFT was 2200 sccm, with FA+FB=1200 s¢drD=800 sccm, FG=180 sccm, FH=20 sccm,
FC=200 sccm, and FE+FF=5500 sccm. The total flawpdad by CRD was 6000 sccm.

Similar to the old AFT, the wall of the new AFT walso coated with dust particles
and kept highly reactive towards,®. The diffusion limited NOs wall loss rate was
calculated to be 0.075'qE2-4), and the measured wall loss rate was d@tedrto be
~0.08 &, independent of relative humidity (shown in Fig@ré). Therefore, the loss of
N2Os on the wall was limited by gas-phase diffusion ataled constant no matter how

many dust particles were introduced into the flabet during the experiments.
2.2.2.1 Gas-particle separation

The lower 35 cm of the AFT was inserted coaxiallpianother vertically mounted,
60 cm long and 56 mm inner diameter Pyrex tube. @it of the AFT exhibits a sharp
edge to avoid turbulences at the point of mixingNAsheath flow (FC) was fed into the
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annular space between the two coaxial tubes, &djust 2000 sccm so that the average

linear gas velocities matched at the point of nmgxin
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Figure 2-6. Experimentally-measured wall loss @t®&,Os at different relative humidity. The red curves
are the weighed least squares error exponensal fit

The principle of the gas-particle separation ig thader laminar conditions, gas (in
this case, bDs) exchange occurs by diffusion (the diffusion cimééht is 0.085 crhs?,
[Wagner et al.2008) between the inner and outer flows of the tude. (56 mm), while
particles remain in the center due to their lowfusifvity (107-10° cn? s* for 1 um
particles with unit densitjHinds 1996).

At the bottom of the 56 mm inner diameter tube (@®5 cm from the end of the
AFT), particle-free air was sampled into two ideati1l/8” PFA tubes, diluted by 5500
sccm carrier gas (FE+FF), and then delivered ineo@RD, which measured the®§
concentration. The two 1/8” tubes were just insér2-3 mm into the 56 mm inner
diameter tube to avoid sampling the dust particiebe center. The total flow delivered
into the CRD was set to 6000 sccm (controlled byQdlf; and the carrier gas was set to
5500 sccm (FE+FF), so approximately 500 sccm aihidlw was optimized by
compromising the gas-particle separation efficieang the dilution factor) was sampled

from the flow tube, i.e. ~250 sccm in each 1/8bdu For some experiments, in order to
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reach higher BDs concentration in the AFT, FE+FF was set to 57@dsor 5800 sccm,
so only 300 sccm or 200 sccm air was sampled frenflow tube, respectively. The two
1/8” PFA tubes were diametrically-distributed, e disturbance of the flow condition

in the 56 mm inner diameter tube could be minimiwedvoid sampling particles.

The sampled flow by the two 1/8” tubes was checkgda condensation particle
counter (CPC, TSI 3010) and it remained partickeft< 1 particles ctf) even when the
aerosol reached 20,000 particletin the AFT. The total dilution factor, defined
ratio of the NOs concentration in the AFT to the,®s concentration measured by the
CRD, was determined by the following method: 50nscNO, flow (1124 ppmv,
measured optically) was delivered into the AFT tigto the 1/8” PFA tube in the injector
while all the other flows were kept the same asnadr and the N@concentration in the
CRD was measured by its absorption at 662 nm. dta dilution factor was measured
to be 30, which is a factor of ~20 less than tbatie old aerosol flow tube in which the

counter flow was used for gas-particle separation.
2.2.2.2 Gaseous N,Os generation

In some experiments, s was photochemically generated from the reactio@p0f
with NO, (R2-1) and the subsequent reaction of the form@d fddicals with NQ (R2-
2a). @ was generated by photolysis of synthetic air orgex (FH, 20 sccm) by a low
pressure Hg lamp. Thes@ow was mixed with 180 sccm NOGlow (FG, 1 ppmv in M)
in an FEP-coated glass reactor (ID 5.6 cm, lengdhcf, volume 6 L). The ©
concentration in the 20 sccm flow, measured bglisorption at 662 nm, was about 1000
ppmv (corresponding to about 10 ppmyi@the AFT) when @was used and 400 ppmv
(corresponding to about 4 ppmy @ the AFT) when synthetic air was used. Due ® th
large excess of £the NOs concentration in the AFT was controlled by the antoof
NO, and did not depend on the; @oncentration. Simulation of the chemistry in the
photochemical reactor confirms that less than 0.602he initial NQ was left after
exiting the photochemical reactor, while the lo$§Dg was negligible. The simulation
was carried out using FACSIMILE urtis and Sweetenharh987] and the code is given
in Appendices A4.1.
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In some experiments, 10 sccm Was used to elute s crystalline kept at -50C
in a cold bath and then diluted by another 200 shigrflow. After the dilution, most of
the flow was directly pumped to the exhaust line #me remaining flow was diluted
again by a 200 sccmyNand then transported through the 1/8” PFA tubé¢him injector
into the flow tube. This method generated gaseoids free of Q and NQ (though
some amount of NOmight be formed due to the decomposition gD (R2-2b)), and

the concentration of the generategDlcould be adjusted over a broad range.
N2Os + M — NO, + NO; + M (R2-2b)

In two experiments to test the influence of @ the heterogeneous interaction of
N>Os with dust particles, @was generated by the photolysis of a 20 scerflddv by a
low pressure Hg lamp. After that, the @ow was combined with the s flow, and
delivered into the AFT through the 1/8” PFA tubethe injector. The ©concentration
in the AFT used in the two experiments were deteeochito be 6.8 ppmv and 14 ppmv,

respectively.
2.2.3 The aerosol flow tube for HNO3

The aerosol flow tube for HNQuptake measurement is almost the same as the new
AFT for N,Os. Gaseous HNglg) was generated by eluting nitric acid solutioithw200
sccm N and then transported into the flow tube through 1¥8” PFA tube inside the
injector. After exiting the aerosol flow tube, therosol flow came into the 56 mm inner
diameter tube (which was coaxial with the AFT) avas joined with the sheath flow of
the same linear velocity. HN@) (its diffusion coefficient is 0.12 c¢hs* [Braman et al.
1982]) diffuses into the outer part of the 56 mmendiameter tube but particles remains
in the center due to the larger diffusion coeffiti€10’-10° cn? s* for 1 um particles
with unit density[Hinds, 1996). At the point which was about 25 cm lower thae th
bottom of the aerosol flow tube, 500 sccm partiftes air was sampled by a 1/4” PFA
tube, diluted to 3 SLM, and then measured by Chalmanization Mass Spectrometry
(CIMS). The CIMS instrument is described in detailSection 2.3.2. All the sampling

tubes were kept at 6 to reduce the adsorption of nitric acid on theeimwall.
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2.2.4 Aerosol measur ement

After exiting the flow tubes, the aerosol flow wasmbined with filtered lab air to 5
liter per min, diluted by a factor of 20 by an abdilutor (TSI 3302A), and then
measured by an Aerodynamic Particle Sizer (APS,3B21L). The APS provides both the
time-averaged (1-2 hours) size distribution andaaalogue output proportional to the
aerosol number concentration. No significant chamg¢he particle size distribution,
measured and averaged every 5-10 min, was obsemerdhe course of an experiment
(~ 1 h). Validation on the APS size distribution aserement using certificated Latex
(spherical) and Quartz (un-spherical) particles @escribed previousljWwagner et al.
2008]

In principle, the APS measures the time of flighagarticle over a fixed distance to
derive the equivalent aerodynamic diameb)( defined as the diameter of the spherical
particle of unity density with the identical aerodynic properties. It can be converted to
the equivalent Stokes diamet&s}:

Ds = Da/\/ﬁ (E2-5)

wherep is the density of the particledinds 1996] The mineral dust particles used in
this study are not spherical; and for sedimentiagi@es, the aerodynamic shape factors,
S, may be applied to derive the real Stokes diameter

Ds = Da/\/ﬁ (E2-6

For Saharan dust, a factor of 1.6 was used preyionsour laboratory to correct the
surface are@Wagner et al.2008] and this factor is also used to correct the sertarea
of Saharan dust particles in this study. For theeiotypes of dust particles, the surface
area are calculated based on B®given by E2-5), i.e. ignoring the possible shape
effects.

2.3 NO3, N,Os, and HNO; detection

In this work NO3 and NOs were measured by Cavity Ring-Down spectroscopy
(CRD), and HNQ was detected by a Chemical lonization Mass Speety (CIMS).
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2.3.1 Cavity Ring-Down spectr oscopy

The schematic of the two-channel CRD is shown iguf@ 2-7. It has been
developed in our group chiefly as a field instrutndnstrumental details, including
optical configuration, gas flows, and data acqusit were described previously
[Crowley et al. 2010a;Schuster et al.2009]and thus only a brief description is given
here.

filter

|

F

|
cavity mirror @

NOjy cavity

Figure 2-7. The schematic of two-channel Cavitygilown spectroscopy at 662 nm. Gas was sampled
through the filter and then split into the two chals. In the front channel held at room temperathi®;
was measured; in the back channel held &9the sum of N@and NOs was measured.

The instrument makes use of the well-characteriggdng absorption band of NO
at around 662 nm (black line in Figure 2-8) by gsmlaser-diode modulated at 100 Hz.
It relies on the measurement of the rate of deddigbt exiting a high-finesse optical
cavity to derive the ring-down constaRy], which depends on scattering and absorption
losses in the cavityBrown et al, 2002; Okeefe and Deacori988] The use of high-
reflectivity mirrors results in the optical absogot length of ~40 km in both channels.
The change in ring-down constanttk() in the presence and absence of;N&used to

calculate the N@concentration:

Akyg'L

[NOs] = o(NO3)cd

(E2-7)
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where [NQ] is the concentration of N{Xmolecules cil), 4k is the difference in the
ring-down decay constantsfswith and without N@ in the cavity,L is the distance
between the two mirrors (70 cng,is the length of the cavity which is filled withe

absorber (N@), andc is the speed of light.
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Figure 2-8. The wavelength dependent cavity-emisgitensity in the two channels (blue and red lines
left y-axis) of the CRD spectroscopy. The Na&bsorption (black line, right y-axis) between 658 665
nm at 298 K Yokelson et al.1994] is also shown for comparison.

The chemical ‘zero’ (in the absence of @& achieved by adding 8 sccm NO (100
ppmv in N)) to the sampled flow to titrate the NBefore splitting the flow to the two
channels:

NO + NO; —» NO>, + NO» (R2-3)

The rate constant of (R2-3) is 2.6%tnolecules cii at 25°C [Atkinson et a).2004]
leading to a lifetime of 0.035 s for N@vhen the total flow is 18 SLM (for comparison
the typical residence time in the cavities is 0.8:1n the other channel, the inlet and the

cavity are both held at F« so that NOs is thermally decomposed to MO
N>Os + M — NOZ + NO;+ M (R2-2b)

The rate constant of (R2-2b) is about 23’5as 90°C and 750 TorfAtkinson et al.
2004] implying that only 9.5% and 0.9%,8s is left after 0.1 and 0.2 s, respectively.
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Therefore, in the vertical inlet of this cavity tile NOs is thermally decomposed to NO
and the sum of N©and NOs concentration is measured. The difference in the
concentrations measured by the two cavities (afierection for transmission efficiencies,

etc. see Section 2.3.1.1 for details) is the meashsOs concentration.

The wavelength dependent cavity-emission intenisitipoth channels of the CRD
were measured independently and shown in Figure Ph& measured laser spectra,
together with the reported cross sections of; Nl@kelson et al.1994] were used to
calculate the effective cross section of N@both channels. The effective cross section
of NO; at 298 K, was determined to be 2.%0@"’ cnf? moleculé' in the NQ channel
and 2.09810" cnf moleculé' in the NQ+N,Os channel. These values are used in (E2-

7) to calculate the N§Xand thus NOs) concentration.
2.3.1.1 Data cor rections

The use of an extractive approach to measure &@ NOs requires the knowledge
of the transmission efficiencies of both specigsufh the cavities. The use of purge gas
to protect the mirrors of the cavities makksmaller tharlL, and the ratio ok to d was

also measured.

L/D ratio: In the laboratory study, typically the total flomas 4 SLM in the N©@
channel and 6 SLM in the N®N,Os channel, and a purge gas flow of 200 sccm was
used in each cavity to keep the mirrors clean. Mdevalue is equal to ratio of measured
NOj3 concentration without and with the purge gas. Bués stability, NQ, instead of
NOs, was used as the absorber in these experimerdsm€asured Nfconcentration at
different purge gas flows in both channels, noreedli to the concentration measured
when the purge gas was 200 sccm, is displayedgar&i2-9. The./d values, when the
purge gas flow was 200 sccm in both channels, wgperimentally determined to be
1.01+0.01 for the N@channel (total flow: 4 SLM) and 1.02+0.01 for thi©;+N,Os
channel (total flow: 6 SLM).
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Figure 2-9. Measured concentration of absorbel®th channels of the CRD at different purge gasglo
normalized to the measured concentration whenuhgepgas flow was 200 sccm.

Transmission efficiency in the cavities: Sampling gas into the cavities leads to the
loss of NQ (and thus MOs) on the wall of the cavities, and the transmiss€iitiencies
of NOs; in both cavities should be determined in orderctorect the measured
concentrations. The apparatus used to measureathty ¢ransmission efficiencies in

both channels is displayed in Figure 2-10.

NO;, 50 scem

11 SLM
NO3+N,0;5 cavity

Ailr, 250 scem

uv Heater

Figure 2-10. The schematic diagram of cavity tragsion efficiencies measurement apparatus

N.Os was generated by mixing NCGand Q/air in an FEP-coated glass reactor
(described in detail in Section 2.2.2.2), and & N.Os could be converted to NGF the
heater was set to SC. After the heater, the gas was diluted by symnthast to 11 SLM,
passed through the filter and then into the CRDOxunsent. Before the splitting point,
[NO3] and [N,Os] both were stable during the experiments, and ikgefhe total flow
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(the sum of the flows in two cavities) constant ietohanging the individual flows in the
two channels led to the change of residence timéath channels. The change of
residence time leads to the change in transmisditiciencies in the two channels and

thus the change in the measuredsM20s concentrations.

A typical dataset of the measured MOOs mixing ratios as the function of the
residence time in the cavities is displayed in FegR-11; the loss of N4N.Os on the
wall was pseudo-first-order process in both casitiEhe inner diameters are 12.4 mm
and 18.7 mm for the N{cavity (volume: 79 cr)) and the MOs cavity (volume, 180
cm’), respectively. The average wall loss rates wezasured to be 0.245+0.018 Eo)
for the NG cavity and 0.18110.01015(10) for the NQ+N,Os cavity.

5.6 4T T T T T T T T T T =
5.4
52
5.0 -

O NO3 cavity

4.8 ®m  NO3+N205 cavity
4.6 - o .
441@ ‘ ' _ ' ]

In[NO3]

NO3 cavity |
NO3+N20S5 cavity

In[NO3]

Residence time (s)

Figure 2-11. Typical results of the cavities’ widks rates measurement. Upper panel: Photochemical

source of NQand NOs was used; lower panel;,8s crystals were used as the source ofd@d NOs.

The uptake coefficients of N@adicals on the wall;, can be calculated by

y = 2rKops (E2-8)

4
wherer is the radius of the tube (cnk)ysis the measured wall loss ratésandc is the
average molecule speed (31900 ¢has298 K for NQ), given by
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¢ = \/8RT/(xM) (E2-9)

whereR is the gas constant, is the temperature in K, arM is the molar mass of the
molecule (in this case, N The measured loss rates corresponded to eféeapitake
coefficients of 9.5x18in the NQ cavity and 1.1x18in the NQ+N,Os cavity.

Transmission efficiencies through the filter: A 2-um pore Teflon (PTFE)
membrane filter held in a PFA filter-holder was dise prevent aerosol entering into the
cavities. Transmission efficiencies of hNl@nd NOs were determined by measuring the
NOs3; and NOs concentrations with and without the filter. Thesuk is displayed in
Figure 2-12, and the transmission efficiency wasrmeained to be 86.1%+3.5% ) for
NO3z and 100.5%+1.3% (&) for N.Os.
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Figure 2-12. Mixing ratios of pOs (upper panel) and NJlower) when there was a PTFE filter or no filter
present in the filter holder.

Taking all the errors into consideration, the deteclimits for NO; and NOs are
estimated to be several pptv in ~3 s signal adipisiime in the cavity, corresponding to
the concentrations in the flow tubes of factors-600 (the old AFT) or ~30 (the new
AFT) larger. However, in the kinetics studies, esisdly only the relative change in NO

and/or NOs concentrations needs to be known. Therefore, icertainty in the absolute

-41 -



concentration is not very important, and the acoyiaf kinetics measurements is more

dependent on the fluctuations of initial Bl@nd NOs concentrations.
2.3.2 Chemical lonization Mass Spectrometry

Chemical lonization Mass Spectrometry (CIMS) wasdut detect HNglg) in this
study. Dr. Nicolas Pouvesle is acknowledged fompimgl me perform the HN4g)
measurement. Of the total 3 SLM flow sampled byGi&S, 1 SLM was drawn into the
ion-molecular reactor (IMR) where chemical ionipatitakes place at a total pressure of

21 Torr. The remaining flow was drawn into the ex$tdine by a diaphragm pump.

1e+06 r T T T T |32 T
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100 | ‘ 1
10 ] . | 'l |I||". \ I‘IIJ" I IAL il HNH ]
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1|
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m/e {amu)

Figure 2-13. A reference mass spectrum of HR@asured by CIMS using $&s the primary ion source.

The IMR is a 12 cm long cylindrical reactor whelne sampled flow comes from the
front of the reactor, and the primary ions flow gesrdicularly into the reactor at about 1
cm after the front inlet. The total flow in the IMRas maintained at 2 SLM by a scroll
pump. A small Skflow (about 2000 ppmv in § was diluted by Nto 1 SLM and then
passed through a 6 cm long tube containing a seRt#dnium-210 source. Alpha

radiation emitted by Po-210 resulted in ionizatod produced SFand also S§as the
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primary ions. In the IMR, primary ions reacted wHiNO3(g) to form HFNO3; which

was mass selected by a quadrupole and detectedtanzeltron.
SK + HNO; —» SR + HFNO3 (R2-5)
SK + HNO; —» Sk + HFNO3 (R2-6)

A reference mass spectrum of H@) measured by CIMS using §&s the primary ion
source is shown in Figure 2-13 and -NB3; (m/e=82) is used to qualify the HNO

concentration.

The instrument background was determined by pasbmgampled flow through a
scrubber filled with NgCOs-doped charcoal to remove HN@). The instrument was
calibrated by measuring a known amount of Hi¢pproduced from a permeation source,

and the detection limit was ~50 pptv for HN@).
2.4 Product measurements

2.4.1 Gas phase NO, detection

The experimental setup used to determine the énaati NOQ, produced from the
heterogeneous reaction of® with Saharan dust particles is similar to thetredarate
method apparatus described in Section 2.1. , M@d NOs concentrations were
simultaneously measured by Thermal Dissociationt€&ing-Down spectroscopy (TD-
CRD, similar to the instrument developed in NOABAsthoff et al.2006] This apparatus
was developed in our group chiefly as a field mstent[Thieser et al, in preparatiarip
principle, NG is detected at its strong absorption band of 485(a¥ 5.76&10"° cn?
moleculé', [Atkinson et al. 2004) by using a laser diode. This instrument is very
selective to N@ and free from the interference of any other NOgcggs (e.g. BDs,
PAN, etc.), and has a detection limit of ~50 pptbis.

Gaseous bDs was eluted from a crystalline sample at 223 K tDasccm N flow.
Subsequently, the flow was diluted to a total floird000 sccm by a two-stage dynamic
dilution system. The total 4000 sccm flow was diedcthrough a clean, @m pore PTFE
membrane filter (Pal Teflon R2PJ047) held in a Hifi#&r-holder (referred to as the
“blank” path) or through a TPFE filter loaded witlust particles (referred to as the
“sample” path). The gas-flow could be alternateiyected through each path via PFA
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valves and the two paths were the same in termigbiig material and residence time,

the only difference being the state of the filter.

After exiting the filters, the gas-mixture was sptto two identical flows (2000
sccm for each). One flow was directly sampled ote cavity (held at room temperature)
of the TD-CRD to measure the M@oncentration. The other flow was introduced iato
guartz reactor (heated to°@). 100 sccm NO (2 ppmv) was also added to the Hefore
the glass rector, leading to about 0.1 ppmv NChereactor. Inside the reactor,Q4
dissociated into N@ and NQ (R2-7). At 9CC and atmospheric pressure, the rate
constant of (R2-7) 23.5'sand the lifetime is less than 0.054gkinson et a).2004] The
NOjs produced from the thermal dissociation reactsdigpiith NO (R2-8):

N,Os + M — NO, + NOs + M (R2-7)
NO + NO; — NO, + NO; (R2-8)

The rate constant of (R2-8) is 2.6%tnolecules cii at 25°C [Atkinson et a).2004]
leading to a lifetime of less than 0.02 s of N@th respect to (R2-8) in the presence of
0.1 ppmv NO. After exiting the reactor, the flowsssampled into the other cavity (held
at 40°C) of the TD-CRD and the total N@oncentration was measured. As indicated in
(R2-7) and (R2-8), every J0s molecule in the flow leads to formation of thre©N
molecules. The pDs concentration could be calculated from the diffiees of the

measured N@concentration:
[N,0s] = ([NO,];; — [NO3];)/3 (E2-10)

where[NO,];; is the NQ concentration measured by the cavity with a heatkd, and

[NO,]; is the NQ concentration measured by the other cavity withloeitheater inlet.

During an experiment, the gas flow was first swatttlthrough the blank filter and
the initial NG and NOs concentration were measured; then it was switthexigh the
sample path, and the N@nd NOs concentration after the reaction with dust pagtcl
loaded on the filter were measured. During the expnt, the flow was regularly
switched back to the blank path to check whethiiairNO, and NOs concentrations
were both stable over time. From the change of Bi@ NOs concentrations due to the

reaction with Saharan dust, the production yieltl® was determined.
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2.4.2 Particulate nitrate detection

After exposure to BDs, the dust-loaded filter was transferred into 10/©Q
deionized water, extracted for 30 min in an ultrasdoath, filtered using 0.45m micro-
porous membranes, and then analyzed by ion chogragihy(IC, Dionex ICS-1100) to
measure the nitrate content in the dust partidesXiguang Chi is acknowledged for

performing the IC analysis for me.
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Figure 2-14. A typical chromatogram of the solutemmalyzed by the ion chromatography method used in
this study. Please note that, 3Q%, and also N are present in the fresh Saharan dust particles.

The Dionex ICS-1100 system is a basic integrateth$@ument, consisted of a dual
piston pump, a vacuum Degas Assembly, a six-pgetiion valve, and a DS6 heated
conductivity detector. In this study, a Dionex laepAG22 4-mm guard column, a
Dionex lonpac AS22 4-mm separation column, and an®t ASRS300 4-mm self-
regenerating suppressor were used. The eluentistiogsof 4.5 mmol [ Na,CO; and
1.4 mmol L' NaHCQ, was maintained at a flow rate of 1.0 mL/min faotal analysis
time of 21 min. Under this condition, the retentiime for N& was about 9.7 min, as

shown in Figure 2-14.
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3 Heter ogeneous uptake of NOz and N,Os: arelative rate study

3.1 Introduction

In this study a novel relative rate method was tgexl and used to investigate the
heterogeneous interaction of Al@d NOs with Saharan dust, ambient aerosol and soot
at different relative humidities. The use of CaviBing-Down spectroscopy to
simultaneously detect both trace gases enablenth@asurements to be performed at low
mixing ratios (< 500 pptv or X0 molecules cri). The uptake coefficient ratio,

Y(NO3)/y(N2Os), was determined for Saharan dust, soot, and atnbiban aerosols.
3.2 Data analysis

In the experimental determination of absolute uptakoefficients for a
heterogeneous process, the number of collisionth@ftrace gas with the surface is
usually calculated (based on gas kinetic theory)l dme net rate of change in
concentration of the trace gas is monitored duexygosure to the surface of interest. The
experimental uptake coefficient, is the fraction of collisions that lead to rembohthe

trace gas from the gas-phase and is related exjmerimental observables:
—_rec. a, -
el R [X] (E3-1)

where [X] is the gas-phase concentration of speXi@solecules cii), a/V is the surface
area 4, cnf) per volume Y, cn?), and¢ is the mean molecular speed of the trace gas (cm
s%). By measuring fractional changes in concentraititbbecomes:

alx]
[X]dt = exp

_vc.a ]
=r.2 (E3-2)

implying that measurement of the experimental uptakefficients requires accurate
knowledge of the available surface arey (However, for bulk samples used in the
studies of heterogeneous reactions, this is ngrat@nd almost always the major source
of uncertainty in heterogeneous kinetics. Differgeatments such as use of geometric
area, BET surface area, or application of poraidifin corrections can lead to uptake
coefficients that deviate by orders of magnitudetfe same reactiojiGoodman et al.
2000;Hanisch and Crowley2001aUnderwood et a).2001]
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For two well-mixed trace gases, in this case sN&nd NOs, interacting

simultaneously with the same particles sample, axeh

y(NO3)-(NO3) _a

kexp (NO3) = ) v (E3-3)
kep (N 05) = L2222 E00) . 2 (E3-4)
where—ke,, (X) = w (E3-5)

and[X] o and[X]; are the concentration of the trace gas X measueethe blank path
and the sample path, respectively. In the relatite method, the parameteasy, andt,
are unchanged for both N@nd NOs. By rearranging (E3-3), (E3-4), and (E3-5), we
derive:

y(NO3) _ In[NO3lo—In[NO3]e  C(N;0s)
Y(N20s)  n[Nz0s5]o—In[N20s] ¢(NO3)

(E3-6)

The ratio of molecular speeds, the last term orritjig-hand side of (E3-6), calculated
from the ratio of the square root of the moleculasses of pbOs and NQ according to
(E3-7), is 0.758:

¢(N205) 8RT 8RT i
C(NO3) - \/nM(Nzos) /\/HM(NO3) - \/M(NZ 05)/M(N03) (E3 7)

whereR is the gas constank,is the temperature in Kelvin, atd{N.Os) andM(NGs) are

the molar mass of XDs and NQ, respectively.

In the present set-up, the relative change injN@d [N,Os] was measured as the
trace gases passed through filters loaded withiveasamples. As described in Section
2.1, two filters/filter-holders were used: one wased as blank and the other one
contained the sample. Control experiments, in wihiath filter-holders contained clean
filters, were conducted routinely. The result o§giag a flow containing ~180 pptv NO
and ~160 pptv bDs through the blank path or the sample path witlemrosols on the
filter is shown in upper panel of Figure 3-1. Solmeses (less than 5% and quite stable)
of both NG and NOs were observed, showing that the tubing/filter-leolth the sample
path is slightly more reactive than these in trenklpath. Values of [N and [NOs);
obtained in the presence of a sample were alwayedaed for this effect. It was

estimated that, due to the loss of Nfdd NOs in the absence of a sample, ~10% change
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of concentrations of NQand NOs attributed to reaction with the sample could be

accurately measured.
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Figure 3-1. Measured NCand NOs mixing ratios when the gas passed through thekbteth and the
sample path. Upper panel: a clean (control) fites used in the sample path; lower panel: a fittaded
with 1.15 mg Saharan dust was used in the samgie pa

In a relative uptake experiment (i.e. with a pdetioaded filter in the sample path),
the gas mixture was first switched through the bigter, and [NQ]o and [NOs]o were
measured by the CRD; the flow was then switchetie¢ssample path, in order to monitor
[NOs]; and [NOs]:. During the experiment, the flow was regularly telved back to the
blank path (e.g. at 8, 16, 24, 32, and 39 min i& libwer panel of Figure 3-1) to
determine whether [N£}h and [NOs]p were both stable over time. Only the datasets in

which [NGO;s]o and [NOs]o fulfilled this requirement were used.
3.3 Results and discussion

3.3.1 Saharan dust

The uptake of N@and NOs on Saharan dust was the main focus of this wodk an

experiments were carried out with different dustdimgs and at four different relative
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humidities (RH). In order to observe a measurabénge in the NgN,Os mixing ratios,

dust samples in excess of ~0.5 mg were required.

The uptake of N@and NOs on 1.15 mg Saharan dust at RH=0% is displayelan t
lower panel of Figure 3-1. The N@nd NOs mixing ratios decreased rapidly when the
gas flow passed through the dust-loaded filter,jcaithg substantial heterogeneous
interaction of both trace gases with dust. Both;ld@d NOs concentrations did however
increase again during the exposure of ~40 minupnebly due to a reduction in the rates

of uptake as the number of reactive surface sipteted as reactions processed.
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Figure 3-2. Uptake coefficient ratios for N@nd NOs uptake to Saharan dust at four different relative
humidities. The sample masses used in each exprimege also indicated.

Using a BET surface area of 39.6 gt for the Saharan dust samp\&dgner et al.
2008], the total sample surface area was calculttene ~450 cf corresponding to
about 10" surface sites (assuming each site for;@d NOs is about 510™ cn? in
area). Over the exposure of ~40 min, the sum of &A@ NOs molecules which passed
through the filter was aboutx20"™. Contrary to observation, the number of Nénhd
N2Os molecules was thus calculated to be insufficiendé¢activate a significant fraction

of all the adsorption/reaction sites in this Sahadast sample. However, the simple
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calculation assumes that the entire BET surfaca a@s available for NQand NOs
uptake. As the filters were loaded with aerosolsedtively slow flow rates (0.8 SLM)
the area of the filter containing dust was largantthat through which the N®I,Os gas
flow (10 SLM) passed during an uptake experimenisu®l inspection of aerosol
deposited at high flow rates suggested that thve dlgnamics led to only a small area (~1
cn?) if the total filter being used. This implies théie dust area (and thus the mass)
available for the reactions is actually smallemtiizat given for each sample, though the
exact factor remains unknown. Indeed, the rateeafctivation of the dust surface was
found to be independent of the sample mass, comigtihat only a small fraction of the
mass (presumably that fraction located on therfitteectly under the 1/4” inlet) is

available for the reactions.

Time-dependent uptake coefficients(decreasing veiposure time), indicating
consumption of reactive sites on bulk dust sam(des Figure 1-3), have been reported
previously for the reaction with s [Karagulian et al, 2006; Seisel et al. 2005;
Wagner et al.2008]and also with N@[Karagulian and Rossk005] The Knudsen-cell
reactor studiefKaragulian and RossR005;Karagulian et al, 2006;Seisel et a).2005]
used orders of magnitude larger N&nhd NOs concentrations, but generally also much
larger dust masses in the 100-1000 mg range. T$tosies were also carried out using
very dry samples, with relative humidity close t&6,0and thus were not able to
investigate the role of ¥ in the reactivation of the dust sample due tdfaser
reorganization of (soluble) nitrate containing sitdhe phenomenon of reactivation is
anticipated to take place in the atmosphere aspuet by measurements of a substantial
nitrate mass fraction (and loss of carbonate) iengbally aged mineral dust particles,
implying that (on sufficiently long time scales)amtion with acidic traces gases is not
confined to the initially available surface follavg dust mobilizationCarmichael et al.
1996] This has been also confirmed qualitatively inola@bory experiments on CaGO
[Krueger et al. 2003] In this study, surface saturation/deactivaticsoadccurred at RH
up to 70% and at approximately the same rate asathRH=0%. A deactivation rate
which is independent of RH may indicate that thée ramiting step in surface
reorganization (e.g. nitrate dissolution and restalization) takes place over longer time

scale than the 40 min duration of the experiment.
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Table 3-1 Uptake coefficient ratios and correspogdixperimental conditions.

Particle type RH (%) N©(pptv) NOs (pptv) Particle mass (mg) y(NOs) / y(N,Os)?
0 200 160 0.43 c
0 630 340 0.53 c
0 175 155 1.15 1.33+0.15
0 560 320 2.15 0.78 £0.09
Saharan dust 23 335 440 1.04 0.80 £ 0.07
23 360 430 1.48 0.77 £0.07
46 220 320 0.71 1.01+£0.13
46 320 410 0.89 1.04 +0.14
70 365 200 1.09 0.91+0.14
70 360 165 1.67 0.73+0.13
Soof 0 295 190 b 1.2-18
0 510 370 b 2.31+0.26
0 450 310 0.36 >15
Ambient aerosols g 450 360 0.55 >15
0 450 390 0.80 >15

@The errors (&) are statistical only and do not necessarily otftbe total uncertainty in the measured
uptake coefficients ratiod. The masses of soot particles were not measuredtaltlee experimental
difficulties (see the text for detail§Uptake coefficient ratios were not reported duéht relative small
change in [NG and [N-Os] (see the test for detail$jTime dependent, see text for details.

Although the rate of uptake of NGnd NOs decreased with exposure time, the
uptake coefficient ratioy(NOz3)/y(N2Os), changed only slightly or insignificantly during
the experiments, as shown in Figure 3-2, which sanmes results for Saharan dust at
different RH and different masses of dust sampl@s.slight decrease in the
V(NO3)/yY(N2Os) ratio was observed for most samples (generadly tean 15%) though it
was close to the minimum discernable changgN©O3)/y(N.Os) above the experimental
uncertainties. For this reason, average (exposmeihdependent) values of
V(NO3)/yY(N2Os) were listed in Table 3-1.
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Also apparent from Figure 3-2 is the fact that va&ie ofy(NO3)/y(N.Os) does not
change systematically with RH between 0% and 70%tially, this result may appear
unexpected, as heterogeneous reaction s ire generally believed to be driven by
hydrolysis [Mentel et al. 1999; Thornton et al. 2003] whereas the reaction of NO
should not depend on available surface-adsorbgal bt on the number of oxidisible
sites. On the other hand, this result substantidgegrevious report in our group that the
uptake coefficient of pbDs with the same Saharan dust sample is independé&tit qup
to 58%) and close toxIL.0? [Wagner et al.2008] which is similar to the value of J9s
on the agueous surface. It was also found thatigrofisant change iny(NOz)/y(N2Os)
upon varying the absolute mixing ratios of N@ N,Os within the range indicated in
Table 3-1. The results were generally consistamhfexperiment to experiment (using
slightly different aerosol mass), the exceptiompbethe dataset displayed in panel (a) of
Figure 3-2, where ratios of 0.75 and 1.3 were olethifor two samples. Taking this as an
indication of the maximum variability, for all thdataset an average uptake coefficient
ratio of y(NOz)/y(N2Os)=0.9£0.4 was derived, independent of [JIPN.Os], or RH. This
result is the first measurement of a relative uptesiefficient for NQ and NOs to any
surface but can be compared to separately detedmiakies fory(NO3z) and y(N2Os)
obtained by using similar samplegNO3) andy(N.Os) on Saharan dust were measured
by the same group using the same Knudsen-cell métharagulian and Rossi2005;
Karagulian et al, 2006] From the reported absolute uptake coefficientgh(lmitial and
steady-state), we calculayeNO3)/y(N2Os)=1.8 for the initial uptake and a steady-state
value of ~1.1, when [N§=4x10"* molecules cni and [NOs]= 3.8x10"* molecules c.
Experiments with [NG=7x10" molecules ci and [NOs]= 4x10" molecules cm,
resulted in values ofy(NO3)/y(N2Os5)=0.8 (initial uptake) andy(NOz)/y(N20s)=0.6
(steady-state uptake). Considering the large umioéiés in measuring uptake
coefficients of heterogeneous reactions, the raticectly measured in our study agreed
well with the values calculated from previous abs®lstudied Karagulian and Rossi
2005;Karagulian et al, 2006]

Combing our relative measurement results with tisokute value of(N,Os)= 1x10

2 for RH up to ~60%Wagner et al.2008] which is also the currently preferred value by
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the IUPAC panel[lUPAC, 2009] a value ofy(NO3)=9x10° was derived, with an
uncertainty that stems mainly from the uncertambé a factor of about two H(N2Os)
[Wagner et al.2008] This uptake coefficient is a factor of ~10 lovikan the value of

0.1-0.2 measured by using bulk samples of Saharstikaragulian and Ross005]
3.3.2 Ambient Urban aerosols

The underlying intention behind conducting expenisaising ambient aerosols was
to establish the operational range of the relatate method, so that a sample with a
relative reactivity far from unity was sought. Thetake of NOs to the surface of
ambient aerosols can be important for the nighetinOx budget, whereas NOs
generally thought to be lost less rapidly when carag with the gas-phase reactions with
organic species. Carrying out relative uptake drpamts on real ambient aerosol
samples could thus provide a way to characterieeatrosol “reactivity”, with a low
value ofy(NO3)/y(N2Os) expected for aqueous, inorganic particles, atarger value if
the particles were coated with organics or nitratelsich tend to reduce the uptake
coefficient for NOs [Cosman et al.2008; Folkers et al. 2003; Griffiths et al, 2009;
Hallquist et al, 2000;Mentel et al. 1999;Thornton et al.2003]

The interaction of N@and NOs with ambient aerosols was investigated at RH=0%
only. Raw data from the uptake of h@nd NOs to three ambient aerosol samples are
displayed in Figure 3-3. The behavior was quitéedént from that of Saharan dust, with
a significantly smaller uptake of,Rs compared with N@ In the left panel of Figure 3-3,
the NoOs mixing ratio initially decreased slightly from ~38ptv to 360 pptv upon
exposure, whereas the MN@ixing ratio plummeted from 450 pptv to about F@w The
small change in the mixing ratio of,8s was close to that detectable with our apparatus
so that only a lower limit of(NO3)/y(N2Os)>15 was reported. Laboratory experiments
have shown that orders of magnitude larger effyeaf uptake of N@ to large and
unsaturated organic species (e.g., oleic acid) eoeapwith NOs [Gross et al. 2009]
and it is expected that a significant organic fractwas responsible for the large NO
uptake observed here. During a field campdi@rowley et al. 2010a]using the same
filters (but only exposed to ambient air for onhh)l occasional loss of N(but never

loss of NOs) on the filter was observed and it was concludhed the aerosol at the rural
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measurement site was largely organic or coated eviganic compounds. As mentioned
before, the dark color of the urban aerosols sainplgtside the main building of the
institute indicated a significant mass fraction edémental carbon, though during the

formation and through the aging processes the alehasl become coated with organics.
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Figure 3-3. Uptake of NDand NOs to three samples (with different masses) of antbéarosols at
RH=0%.

A further difference between the uptake of N&dd NOs to ambient aerosols, when
compared with Saharan dust, was the relatively sleactivation of the NOuptake
despite the use of high N@nixing ratios (given in Table 2-1). The high reeity and
large capacity is further evidence for an importante of unsaturated organic
components, which are very reactive to ]N[@Gross and Bertram2009; Moise and
Rudich 2002]

3.3.3 Soot

As stated above, the ambient aerosols sampleddeutse main building of the
institute contained an elemental carbon fractiomo Experiments were therefore carried
out to examine the interaction of N@nd NOs with soot particles at RH=0%. The

generation of soot particles is described in Sacid.
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Figure 3-4. Raw data (left-side panels) and uptaiedficient ratios (right-side panels) for N@nd NOs
uptake to candle-generated soot particles.

The result displayed in the top-left panel of FeyuB-4 indicated that the soot
particles were reactive to both NQ@lecreasing from ~300 pptv initially to 30 pptyeaf
exposure) and MDs (decreasing from ~180 pptv to 50 pptv). In thisnpke there was
evidence for a more rapid rate of surface deadtimdor N,Os than NQ, with the ratio
Y(NO3)/y(N2Os) increasing from ~1.5 to 2.5 over the 30 min expesas shown in the
top-right panel of Figure 3-4. This contrasted liedavior observed for Saharan dust. A
change in the relative uptake coefficient with esyre time indicated different modes of
reactivity of N@Q and NOs, since NQ probably reacted with unsaturated organics while
N-Os may have undergone hydrolysis. The second sanolto(n-left panel) showed
somewhat different behavior, with no apparent saitom of NG and NOs loss during
the exposure of 30 min. The ratio of uptake cogffits was large (~2-4), favoring NO

uptake.

The sampling of soot particles from the flame dfuaning candle is a haphazard
process and the different reactivity of the two tseamples is attributed to chaotic

sampling from steady-burning and flickering flamebjch led to very different chemical
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characteristics of the soot and different organarfjanic contentgPagels et al.2009]

A lack of characterization of our soot samples nsgaat no real quantitative comparison
could be made with results from other studies. Upiake of NQ and NOs was studied
by the same group using the Knudsen-cell redétaragulian and Rossi2007;Saathoff

et al, 2001] When NQ and NOs concentrations were both around 2¥1folecules
cm?® the steady-state uptake coefficients on gray smete determined to be
(7.2#1.5)x10 for NO; and (2.0+0.3)x1® for N,Os, yielding a ratio of uptake
coefficients,y(NO3)/y(N2Os), of about 3-4, and the steady-state uptake @efiis on
gray soot were determined to be (4.8+1.0)%%6r NO; and (2.0+0.5)x18 for N,Os,
yielding a ratio of uptake coefficientg(NOs)/y(N2Os), of about 2-3. The uptake
coefficient ratios, y(NO3)/y(N2Os), calculated from the separately measured uptake
coefficients, agree quite well with the directly asared values in this study, though the

composition of the soot samples might vary a lot.
3.4 Summary

The relative rates of uptake of N@nd NOs to Saharan dust at different relative
humidities have been investigated, and some explyraexperiments on the relative
uptake to ambient aerosols sampled from the outsideur institute and soot particle
generated from a burning candle have been carngdThe uptake coefficient ratio,
V(NO3)/yY(N2Os), was determined to be 0.9+£0.4d)lfor Saharan dust particles, indicating
similar reactivity for NQ and NOs and resulting in an uptake coefficient \gNOs)=

9x10°, with an associated uncertainty of at least afaat two.

The limited set of experiments with poorly charaeed soot particles and ambient
aerosols allows no comparison to be made with pusavork or quantitative conclusions
to be made regarding their role in the atmosph@fdanterest however is the relatively
large uptake of N@compared with POs to the urban aerosols sampled at our institute
and this should be explored in future studies. €kperiments on soot particles and
ambient aerosols also illustrate the range of ikdatiptake coefficients that can be
measured by using this method, and suggest thailesuwith a maximum factor of ~10

differences in reactivity for uptake of N@nd NOs can be examined. The maximum (or
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minimum) measurable change in concentrations cbeldmproved by increasing the

stability of the NQ/N,Os source and reducing the noise in thesNQ,0s channel.
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4 Kinetics of heter ogeneous uptake of N,Ogs on mineral dusts:

aer osol flow tube studies

4.1 Introduction

Uptake coefficients of pDs on Saharan dust particles were determined usiong tw
aerosol flow tubes (AFT) at different relative hudlities and different initial pOs
concentrations ranging fromx<50' to 3x10"* molecules cii. The influence of N@and
O3 on the uptake of MDs was investigated. In addition, the uptake coedfits of NOs

on illite and Arizona Test Dust (ATD) were also reeeed at different relative humidities.
4.2 Data analysis

The loss of MOs in the AFT under pseudo-first-order conditionsriier of reactive
sites on the dust surface does not change signifjcduring the reaction time), can be
described by

ln% = —(k, +ky) -t (E4-D
kd — 'y.C_.N.A (E42)

4

wherek, is the pseudo-first-order loss rate of to the wall of the AFT (§ limited by
gas-phase diffusion and thus constant in this $fudys the pseudo-first-order loss rate
of N»Os to the dust surface T N (cm®) is the number concentration of dust particles
with an average surface areafofcnt), y is the effective uptake coefficient, defined as
the probability of removing pOs on a per collision basis, aads the average molecular
speed of MOs (24096 cm S at 296 K), calculated from gas kinetics theory:

¢ = /8RT/(xM) (E4-3)

whereR is the gas constant, is the temperature in K, arM is the molar mass of the

molecule (in this case,Ds).

In a typical aerosol flow tube, dispersed aerosath constant concentration are
generated by atomization or homogeneous nucleatiod,the difference of the decay

rates of a trace gas (in this casgQl is measured in the absence and presence of heroso
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to determine the effective uptake coefficiefitwallquist et al, 2003; Thornton et al.
2003} In this work, despite efforts to provide a stadlgply of dust particle into the flow
tube, the measured aerosol number concentratioweshdarge variation during an
experiment and therefore the experiments were adadwby using short burst (typically
about 5-10 min) of dust particles at each injepumsition. (E4-1) and (E4-2) suggest that,
at any fixed contact time)( the relative MOs concentration should show an exponential

dependence on the aerosol number concentradiare.

k'(6) = L L%l _ yeat By

N [N20s](wy 4

where K'(t) is the slope of the exponential fit of the§ concentration to the dust
number concentration at the contact timp@nd [NOs] =0y and [NOs]n=n) are the NOs
concentrations when the aerosol number concentsaaoe 0O and\, respectively. Each
injector position corresponds to a different reatctiime,t, and thus has different values
of K’(t). There should be a linear relationship betweén andt, as indicated by (E4-3),

with a slope equal to

(E4)

In every experimentg’(t) andk* are experimentally determined,is derived from the
aerosol size distribution measured by the APShecetfective uptake coefficient, can

be determined. In this work the,® concentration measured by the CRD was used to
derive the kinetics information because the uptalepseudo-first order process and thus
the uptake coefficient only depends on the relativenge of NOs concentration; in the

other cases, the s concentration in the AFT is always used.

Operating the AFT with dust “bursts” has the disatage that the axial ;s
diffusion correction[Brown, 1978]is not easy to apply; however, a previous study
[Wagner et al.2008]has shown that under almost the same flow comditas that used
in present work, the axial diffusion correctionasly ~10%, which is negligible when
compared to the variability of the experimentalgtermined uptake coefficients (see
later). This operation mode can also result inlaygiadient in dust number concentration,
the severity of which depends on the relationskgpveen the burst’s duration time and
the residence time in the AFT. The effects of adiaét concentration gradients are not
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considered in the simple steady-state analysisthnsl may lead to systematic errors.
However, as shown in Section 4.3, there is no Bggmt and systematic deviation from
the expected exponential dependence of the meadw@®d concentration on dust
number density even in experiments with numeroust tkatures of variable duration.
Although some of the experimental scatter in trdsasets may be due to partial break
down of the steady state analysis, this is not riegor source of error in these

experiments. It might lead to a slight underestiomabf the uptake coefficient.
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Figure 4-1. Response of the measurg®Nconcentration (black line, left y-axis) to theroduction of a
Saharan dust pulse (blue line, right y-axis) if® AFT. The time between acquisition of neighbodaga
points is about 3 s. Upper panel: The mixing volumses used to smooth the spikes in the dust putgk, a

RH=0%. Lower panel: The mixing volume was not ussd| RH=33%.
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Two typical datasets on the response of the meashp®s mixing ratios to
introduction of Saharan dust aerosols are displayé&igure 4-1. Evident from the upper
panel is that, using the mixing volume (its voluime-5 L, giving a residence time of ~6
min when the aerosol flow is 800 sccm) preventemtsithanges of dust concentration
during an uptake experiment, when compared withdher panel in which the mixing
volume was not used. The anti-correlation betwéenmeasured XDs mixing ratio and
the aerosol number concentration shows th@sNvas substantially taken up to the dust
surface. In this figure, the aerosol number comrreginh is derived from the analogue

output of the APS, measured with the same time @tépgration time) as the J9s

mixing ratio.
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Figure 4-2. Dependence of the measurg@:Nnixing ratios on the dust number concentratidh &t five
different injector positions. The statistical es@n each single data points are with the symlzel. Sihere
are no data points around 2000 particles®dmecause the mixing volume was bypassed wkemas
smaller than ~3000 particles émotherwise it took too long fdX to reach 0 again after introduction of a
dust pulse. The slope at each injector positicegisal to K'(t), as given in (E4-3). In this figulé(t) were
determined to be(4.050+0.006)%3,0 (7.280+0.014) )x18 (7.710+0.012) )x16, (10.040+0.013) )x18
and (11.460+0.014) )x10(cn?, 1) when the injector was at 45, 60, 70, 80, andrQrespectively.
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The exponential dependence of the measurgls Mhixing ratio on dust number
concentration at five different injector positiossdisplayed in Figure 4-2. As defined in
(E4-1) and (E4-2), the slopes are equdt’(, which is given in (E4-3). The plot éf(t)
versus contact time is shown in Figure 4-3, andstbpe of the linear fit is equal &
which can be used to deriyey as expected from (E4-4). The mixing length ar@ th
mixing time are calculated in Chapter 2 to be ~dPand ~10 s, respectively. The fact
that the linear fit in Figure 4-3 does not go tlgbwero (an x-axis intercept of ~ 7 s in
this case) is expected and is related to the oifséfte contact time due to the mixing

effect.
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Figure 4-3. The slopes of the exponential fits &tadas shown in Figure 4-2, as a function of thetaxi
time of NoOs with dust particles in the AFT. The statisticalags on each single data points are with the
symbol size. The colors of the points in this Fegeorrespond to these in Figure 4-2. The slopeahief
linear fitting, K, was (6.87+0.47) )x10(1 o).

Typical size distributions of dust samples measurgdhe APS are displayed in
Figure 4-4, showing maxima of aerodynamic diame(®a& at 2.129um for Saharan
dust, 1.486um for illite, 0.965um for quartz, and 1.596m for ATD with a second
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maximum at 7.774m. No significant change in size distribution wéoserved over the
course of each experiment.

The rate of uptake of a trace gas to the airbomrtiges can be reduced by the
concentration gradient close to the particle saféeading to an underestimation of the
true uptake coefficienjyye. This effect can be correct@lduchs and Sutugjrii970]using

(B3-

0.75+0.283Kn
Kn(1+Kn)

1 1

Ytrue Yexpt

where yexpt IS the experimentally-measured uptake coefficiam Kn is the Knudsen

number, given by

_ 30
Kn = o (E®)

whereD is the gas-phase diffusion coefficient (0.085 sthat atmospheric pressure and

296 K for NOs, [Wagner et al.2008), andr is the radius of the particle (cm).
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Figure 4-4. Size distributions (aerodynamic diamedé ATD, illite, Saharan dust and quartz, as nueed
by the APS. Note that no particles were observedbl7 um, the end of the measurement range.

The reported uptake coefficients in this work aasdd on the surface area calculated

from the Stokes diameteDs, i.e. after correcting the aerodynamic diameteptrticle’s
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density (Section 2.2.4). As mentioned in Sectidh4.the surface area of Saharan dust
particles is corrected by a factor of 1.6 to carrine effects of non-sphericity of the
particles; for the other types of dust particlésg possible shape effects are ignored. In
this work mineral dust particles are initially assd to be nonporous, i.e. the geometrical
area of a single dust particle is assumed to balaquts BET area. The implications of

this assumption are considered later.

The most exact method to deriuge is to apply the diffusion correction individually
to each bin of the measured aerosol size distabubut this method (denoted as Method
A) requires a first guess of thg,e value and iteration until thiey calculated frompe is
close enough to the experimentally determirkgd making it more difficult to use.
Method A gives aue of 2.29%107 and a correction factor of 14.5% whegyis 2.0<10°
for N2Os on Saharan dust particles. In the previous woekrétaius of the particle at the
maximum of the surface area weighted size disiobytrs,, was used in (E4-6) to
determineKn [Wagner et al.2009;Wagner et al.2008] However, it is difficult to apply
this method (denoted as Method B) to non-singlée@eaosol size distribution (such as
ATD in this work). Method B gives @e of 2.3%107 and a correction factor of 19.5%

whenyexptis 2.0¢<107 on Saharan dust particles.

Table 4-1 Characteristic properties of typical dseshples used in this work.

Density* Da® Ds© Surface are8 KnE
Saharan dust 2.7 2.129 1.296 7.79 0.124
ATD 2.7 1.596° 0.971 21.1 0.099
lllite 2.7 1.486 0.904 3.56 0.141
Quartz 2.6 1.037 0.643 2.13 0.174

A: g cm®. The density was provided bWagner et al.2008] for Saharan dust, bWagner et al.2009]
for ATD and quartz. The density of illite is unknowand it is assumed to have the same density ag&@ah
dust.®: Equivalent aerodynamic diameter in ymEquivalent Stokes diameter in ph.Surface area of
per particle in pu calculated by using the Stokes diameter and assuspherical particles (For Saharan
dust, the surface area was corrected using a fatth6). In this study it is assumed that the ghasticles
are nonporous, i.e. the geometrical area of dusicles is equal to the BET aréa.The Knudsen number

is calculated by (E4-7), using a diffusion coefiti of 0.085 crhs® at atmospheric pressure and 296 K,
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and the mean molecular speed of 24094 ¢nfios N,Os. ™ The equivalent aerodynamic diameter at the
more intense mode, with a second maximum at 7uiT4see the text for details.
In the present stud¥n is calculated for each bin of the size distribatemd then an

effectiveKn can be calculated by

_ ZNiKn() _ 3D ¥ Ni/r; .
kn = N ¢ IN; =3

whereNi andKn(i) are the aerosol number concentration and the Kamudamber in the
ith size bin with the radius of, respectively. This method (denoted as Methodi@sga
ywue OF 2.24¢107 and a correction factor of 12.0% whggyis 2.0x102 on Saharan dust
particles. The value of;,e calculated by using Method C is only about 2%eutdht from
the value calculated by using Method A (the mostieate method), and it requires much
less calculation. Therefore, in present study dvisthod C is used to calculajge.
Typical aerodynamic and Stokes diameters of dusicfes used in this study are listed in
Table 4-1 together with other important parameters. surface area per particle and the

Knudsen number).
4.3 Uptake of N,Os on Saharan dust

In this work, the effects of RH, initial JDs concentrations, and the presence o, NO
and Q ony(N20Os) on Saharan dust were investigated. The uptakificeats of N.Os on
Saharan dust particles were measured at five diffeRH (up to 67%), using the old
aerosol flow tube. Totally 23 experiments withdut tixing volume and 18 experiments
with the mixing volume were carried out, and thgiah concentrations of pOs ranged
from 3x10? to 2.7x16% molecules cii (varied by almost a factor of 10). The results are
summarized in Table 4-2, and the average diffusmmection is about 10%. The uptake
coefficients determined by using the mixing voluaggee with the corresponding values

without the mixing volume within the experimentaices.

Some experiments with a total flow of 2 SLM in #hET confirmed that there is no

difference in measured uptake coefficients fronséhehen the total flow was 3 SLM.
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Table 4-2. Uptake coefficients and experimentaldatoons in the old AFT: Saharan dust

RH (%)  NOs® Tive RH(%)  NOs® Tiue
0 26.5 0.018+0.001 33 10.1 0.016+0.002
0 27.3 0.023+0.001 33 9.4 0.016+0.001
0 17.9 0.021+0.002 33 21.8 0.013+0.002
0 16.4 0.023+0.001 33 23.4 0.014+0.001
0 12.5 0.018+0.002 33 23.4 0.014+0.002
0 5.5 0.027+0.001 33 3.9 0.044+0.001
0 5.9 0.013+0.001 33 14.0 0.023+0.001
0 6.6 0.013+0.001 33 20.7 0.018+0.001
0 11.7 0.013+0.001 50 14.4 0.028+0.001
0 11.7 0.013+0.001 50 14.4 0.020+0.001
0 17.6 0.021+0.002 50 14.8 0.031+0.001
0 25.4 0.015+0.002 50 51 0.026+0.001
17 11.7 0.011+0.002 50 195 0.016+0.002
17 211 0.026+0.002 67 195 0.012+0.002
17 13.7 0.023+0.002 67 19.5 0.012+0.002
17 17.9 0.022+0.003 67 18.3 0.013+0.001
17 17.2 0.024+0.002 67 10.9 0.021+0.001
17 4.3 0.033+0.001 67 11.7 0.021+0.001
17 12.5 0.026+0.002 67 3.1 0.032+0.001
17 20.3 0.022+0.002 67 10.1 0.016+0.001
67 15.6 0.014+0.001

v(N,Os) determined when the mixing volume was not usexl iarblack, and in red when the mixing
volume was used.Initial N,Os concentration in the units of ¥amolecules cri. ® The values Ofue have

been corrected for diffusion limit to the uptakéeTerrors (Iv) are statistical only.
4.3.1 Influence of relative humidity
As shown in Figure 4-4, the uptake coefficient dnesdepend on the RH (0-67%)

within the experimental uncertainties, with a weégghaverage value of 0.016+0.002 (1

o), when the mixing volume was used. This is eqaahe result obtained without the
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mixing volume (a weighted averagg,e of 0.022+0.003 () was determined when RH
ranged from 0% to 67%). Taking all the data intocamt,y(N,Os) was determined to be
0.020+0.002 (X). The statistical error for each determined uptedefficient was much
smaller than the deviation of uptake coefficiemis,shown in Table 4-2 and Figure 4-5,
suggesting that the systematical error in detemgiin uptake coefficient is larger than
the statistical error associated with the uptaleffaoent.
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Figure 4-5. Uptake coefficients of,8; on Saharan dust particles at different relativenidiities. The two

horizontal lines are the corresponding trend-lines.
4.3.2 Influence of initial N,Os concentration

The effect of the trace gas concentrations on fitake coefficients may provide
clues on the mechanism of the heterogeneous radgétiomann et al.2003] The uptake
coefficients of HNQ [Vlasenko et al.2009] O; [Hanisch and Crowley2003] and
HCHO [Sassine et gl.2010]on mineral dust particles were all found to deseeahen
initial concentrations of the corresponding traceses increased, implying that the
Langmuir-Hinshelwood mechanism was operative fa tiptake of HN@ Os;, and
HCHO on dust surface.
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In order to investigate the effects of initiay®§ concentrations, uptake coefficients
of N.Os on Saharan dust were also determined by usinge¥weaerosol flow tube, which
enabled the experiments to be performed at lowgaliN,Os concentrations. The uptake
coefficients at RH=0% at different initial.,®s concentrations, obtained by using the two
aerosol flow tube, are displayed in Figure 4-6.shiows clearly that, within the
experimental uncertainties, the uptake coefficidaoes not change with initial /s
concentrations, which were varied by almost twoecsdof magnitude ¢8L0"-3x10"
molecules crii, corresponding to ~20 ppbv to ~1 ppmv at atmosphmessure). The
systematical error in determining an uptake coefficis larger than the statistical error
associated with the uptake coefficient, leadinthtd the deviation of uptake coefficients
measured in different experiments are much largen the statistical error associated

with each uptake coefficient, as shown in Figui@ 4-
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Figure 4-6. Uptake coefficients of,8s on Saharan dust particles at different initialON concentration
when RH=0%.

4.3.3 Influence of O3 and NO,
Other reactive traces gases in the flow tube (otheratmosphere) can affect the

uptake of NOs by either reactivating or deactivating surfacessitn these experiments,
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the presence of Nand Q with N,Os in the AFT can compete for the reactive surface
sites with NOs (thus suppresses the uptake @O} or they may reactivate the surface,
accelerating the uptake of,®. In order to investigate the effects of,An two
experiments carried out using the new AFT, 20 s€ywas combined into the Js
flow, leading to several ppmvsn the AFT. As shown in Figure 4-6, the presenic®p
(6.8 ppmv and 14 ppmv) has no influence on thekeptaefficients of NOs on Saharan
dust particles. Note that such @ixing ratios are about two orders of magnitudghbr

than that typically found in the troposphere.
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Figure 4-7. Influence of Qon the measured,®s mixing ratio during one dust pulse. The injectaswat
60 cm.

In a further experiment, gaseousy was generated from s crystals, and 20
sccm of Q or O, was introduced into the flow tube from the injedby switching the @
flow through a low pressure Hg lamp. As shown igufe 4-7, when @was introduced

into the flow tube (~ 20 ppmv Ln the AFT), there was no significant change yON
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concentration, and the dependence of the measw®g Nixing ratio on dust number
concentration can be fitted by the same exponefuradtion. It further confirms that the

presence of @does not influence the uptake ofQ4 on Saharan dust patrticles.

In a series of experiments carried out using the AET, gaseous pDs was also
generated by reacting N@Qith Oz in the FEP-coated glass reactor, and then tratespor
into the flow tube through the 1/8” PFA tube iretimjector. These experiments were
performed to investigate the effects of the coexisé of NQ and Q on the NOs uptake.
No significant difference in uptake coefficients sMound when the different gaseous
N.Os sources were used, i.e. the presence of td@ether with @ did not influence the
uptake coefficient of pDs on Saharan dust.

4.3.4 Possibleinterferencein measuring uptake coefficients

Gaseous bDs (generated from pOs crystalline) introduced into the AFT was not a
pure substance but in dynamic equilibrium withN@d NQ. Any process that removes
N2Os or NO; will adjust the equilibrium between s, NO;, and NQ, leading to
additional loss or reformation of;Ns. The heterogeneous losses gOdlon the wall and
the dust surface will adjust the equilibrium cortcations of NQ and NQ and lead to
the reformation of BOs (R4-1), and these processes lead to underestimattiihe uptake
coefficient of NOs. On the other hand, the heterogeneous removahg@yvall and the
dust surface) and photolysis of MN@ill lead to further decomposition of s (R4-1),
and these processes would result in overestimafitime uptake coefficient of }Ds. The
heterogeneous uptake of BN®On the wall and the dust surface will also leadthe
overestimation of the }Ds uptake; but this effect must be negligible due¢hi® smaller
uptake coefficient of N@ (less than 1x1f) [IUPAC, 2009). Here the effects of
reformation of NOs and the heterogeneous removal of ;N@ere investigated by
simulating the chemical reactions in the aerosmiftube, using FACSIMILE, and the

code of the corresponding program is given in Apliees A4.2.
NO3+ NO; + M« N2Os + M (R4-1)

A previous studyWagner et al.2008] showed that the reformation ob® due to
the recombination of NQand NQ and the additional indirect loss o0 due to the

uptake of NQ on the dust (assuming-0.1) do not have any significant effects on the
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analysis of NOs uptake kinetics. Here another potential error,itttirect loss of NOs
due to the loss of NfQon the wall of the AFT (limited by gas-phase dsffn, with the
NOs diffusion coefficient of 80+15 Torr cfis™ in N, reported byRudich et al. 1996b),

is also considered. In the simulations, a dust remdoncentration of 10,000 particles
cm®, the average diameter of 1.4, y(N,Os) of 0.02, andk,(N-Os) of 0.05 §" are used.

In Chapter 3,y(N2Os)/ y(NOs) was determined to be 0.9+0.4 ¢} on Saharan dust,
leading toy(NO3)=0.018. An uptake coefficient of 0.1 for NOn dust surface was used
in the simulations, so the effect of heterogenaqitake of NQ on dust surface should
be smaller than that simulated here. The kinetas dor the gas-phase reactions are
taken from the JPL evaluatigander et a).2006] The initial NOs concentration was

5.0¢<10'2 molecules ci, and the initial N@ and NQ concentrations were both set to

2.7x10" molecules cri, in equilibrium with NOs.

log[N,0,]

11.8 H

1164 ™ Case l: No interference
0 Case 2: Case | + equilibrium
1144 © Case 3: Case 2 + loss of NO, on dust
1.2 I * I . T ¥ I " I ¥ I ® I
0 5 10 15 20 25 30

Residence time /s
Figure 4-8. Simulated D5 profiles when different conditions are considefgek text for details).

As shown in Figure 4-8, the,Ns decay profile remains exponential even when all
the potential interference are considered, andetheterferences together lead to an
overestimation of the measured® decay rates (the slope of the exponential fittioyg)

~9.5% if the NQ uptake is as efficient as modeled, i.e. the meakuptake coefficient
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would be overestimated by ~9.5%. This effect woloddlarger at higher temperatures
because the equilibrium constant of (R4-1) decsega&kly when temperature increases
[Sander et a). 2006] and thus the heterogeneous loss of; N@l contribute more

significantly to the measured decay of in the aerosol flow tube.
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Figure 4-9. Measured (blue square) and simulatéae (bne) response of J@s to the introduction of
Saharan dust aerosols into the new aerosol flow (s&e text for details).

The same processes considered in the simulatiomrshoFigure 4-8 were used to
simulate the response ob@% to the introduction of dust aerosols into the reswosol
flow tube when the injector is at 60 cm. The cofléhs FACSIMILE program is listed
in Appendices A4.3. The same kinetics parameterg weed in this simulation, expect
that a more realistic value of 0.018 fgNOs) instead of 0.1 was adopted. The measured
time-dependent dust aerosol density (black squard-igure 4-9) was fitted by a
continuous function (black line in Figure 4-9), wihiwas used as the input parameters in
the simulation. The initial pDs concentration in the AFT was calculated from tHRDE
measured PDs mixing ratio when there was no dust present in AR, the known
dilution factor, and the wall loss rate. Steadyesia assumed in the simulation, e.g. at
every data point the JDs concentration only depends on the dust aerosdityezind not
influenced by the PDs concentrations in the previous or later data goiSteady-state is
also assumed in (E4-1) and (E4-2), which are tisesbdar analyzing the data in this study.
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The simulated bDs profile (blue line), consisting of the resultsrfiranore than 400
simulations at different dust number concentratioiss displayed in Figure 4-9 to
compare with the measured®§ profile (blue square) during a dust pulse. Thedgoo
agreement between the measured and simulai®g piofiles suggests that the steady-

state assumption and thus the method used to anthlgzdata in this study are valid.

NO; is very photo-labile and the normal illumination the laboratory could
potentially lead to additional loss of N@and thus BOs) in the flow tube due to the
photolysis of NQ. The effect of laboratory illumination was invegtied by measuring
the NG and NOs concentrations at different injector positionshaitit the presence of
dust particle in the flow tube when the lab wasmmalty bright or totally dark. No
significant change of N9or N,Os concentration was found when the laboratory was
totally dark, compared with that when it was notgnéright. To conclude, the effect of

laboratory illumination of N@and NOs concentrations in the flow tube is negligible.
4.4 Uptake of N,Os on other dust particles

4.4.1 Uptake of N,Oson ATD

The heterogeneous interaction ofy with ATD was studied by using the old AFT,
the bulk samples were dispersed by a self-madergneand the mixing volume for the
dust particles was not used. The results from 2@ements are summarized in Table 4-3
(the average diffusion correction is less than 1086) shown in Figure 4-10;(N2Os)
does not depend on relative humidity. The reagtivif ATD towards NOs is
significantly smaller than that of both Saharantdusd illite, maybe due to the high
fraction of quartz in ATD. The systematical errordetermining an uptake coefficient is
larger than the statistical error associated with uptake coefficient, leading to that the
deviation of uptake coefficients measured in ddfgrexperiments are much larger than
the statistical error associated with each uptaledficient, as shown in Table 4-3 and
Table 4-4.

The uptake coefficient of #Ds, y(N2Os), is smaller on ATD than that on Saharan
dust particles. It might be due to that ATD conédra large fraction of quartz (~70% by

mass), which has low reactivity towardgO\.
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Table 4-3. Uptake coefficients ob8s on ATD and experimental conditions

RH (%) N,Os * Yive RH (%) N.Os * Yie
0 24 0.008+0.001 33 9 0.011+0.001
0 24 0.009+0.001 33 18 0.009+0.001
0 17 0.011+0.001 33 18 0.010+0.001
0 9 0.013+0.001 50 12 0.004+0.001
0 9 0.011+0.001 50 16 0.007+0.001
17 9 0.007+0.001 50 11 0.005+0.001
17 10 0.008+0.001 50 11 0.009+0.001
17 20 0.005+0.001 67 18 0.006+0.001
17 13 0.005+0.001 67 16 0.007+0.001
33 8 0.012+0.001 67 9 0.006+0.001

2 Initial N,Os concentration in the units of amolecules crii. ® The values ofyue have been corrected for

diffusion limit to the uptake. The errors ¢) are statistical only.
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Figure 4-10 Uptake coefficients ot®s on ATD particles, as a function of RH.
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4.4.2 Uptake of N,Os on Illite

The experiments on the reaction of illite partickdgh N.Os were conducted in the
old AFT, using the mixing volume. 15 uptake expems were carried out at five
different relative humidities (RH), and the resute listed in Table 4-4. The diffusion
correction is up to 40-50% at low RH (due to theyéareactivity) and about 20% at high
RH (due to relatively small reactivity). Figure 4-8hows that the uptake coefficient of

N2Os to illite might have a negative dependence on RH.

Table 4-4. Uptake coefficients 085 on lllite particles and experimental conditions

RH (%) N;Os ° Yie RH (%) NOs © Yirve

0 11.6 0.068+0.002 33 17.4 0.055+0.004
0 15.1 0.096+0.005 50 15.1 0.041+0.002

0 16.3 0.137+0.055 50 16.8 0.051+0.002
17 20.5 0.093+0.004 50 14.0 0.045+0.003
17 17.1 0.079+0.004 67 13.2 0.033+0.005
17 18.8 0.075+0.002 67 12.3 0.027+0.003
33 13.4 0.078+0.001 67 16.8 0.049+0.002
33 12.8 0.047+0.006

2 Initial N,Og concentration in the units of amolecules cii. ® The values Ofwwe have been corrected for
diffusion limit to the uptake. The errors ¢} are statistical only.

The uptake coefficient of XDs, Y(N2Os), is larger on lllite than that on Saharan dust,
probably suggesting that lllite has higher reattitowards NOs. Further studies on the
uptake of NOs on other minerals (e.g. kaolinite, calcite, ef) alill be helpful to
understand the reactivity of,8s towards dust.
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Figure 4-11 Uptake coefficients o8 on lllite particles, as a function of RH.
4.5 Comparison with previousresults

4.5.1 Uptake onto bulk dust samples

There have been several studies on the uptake®$ dh mineral dust particles at
room temperature. In the first stufiyeisel et a).2005] bulk Saharan dust samples were
prepared spreading an aqueous suspension on shaolgés prior to being dried under
vacuum before each experiments. The uptake caaitieiwere measured in a Knudsen
cell which was operated in both pulsed and stesatg-snodes, with pDs (3x10° -
1x10"* molecules criii) monitored by a quadrupole mass spectrometer. Khuelsen cell

study gave a time-dependent uptake coefficientQfsN
¥ = (1.7 +0.3) X 1072 + (6.2 + 0.5) X 1072 x ¢~[(1:8£0.5)x107%x¢] (E4-8)

where t is the reaction time in s. This reaction was as¢oedied by using diffuse
reflectance FTIR to measure the nitrate formed tmn gurface, and it gave a lower
reactive uptake coefficient of (9.1+0.7)%3,Gvhen the MOs concentrations were varied

between 4x1t and 5x16% molecules cri.
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A further Knudsen reactor study also investigated tiptake of BDs on bulk
samples of mineral dust particlgsaragulian et al, 2006] The uptake coefficients were
also found to be time-dependent, and thus botlair@hd steady-state uptake coefficients
(yo andyss respectively) were reportegh andyss were determined to be (9.0+2.6)%10
and (5.9+1.6)x18 on Saharan dust, and (6.4+1.9)%1énd (1.6+0.4)x18 on ATD,
respectively, when the A5 concentration was (3.8+0.5)xf0molecules ci. When
N,Os concentration was (4.0+1.0)x{molecules cri, yo andyss were determined to be
0.3+0.08 and 0.2+0.05 on Saharan dust, and 0.2+@&fid 0.11+0.03 on ATD,

respectively.

The uptake of BOs on bulk dust samples was also investigated usiKgualisen cell
by the third studyWagner et al.2008] In this case, the uptake coefficients were found
to be time-independent, e)g.was equal tgss in contrast with the two previous studies
in which similar apparatus were used. In this stiMDs concentration was in the range
of (2-20)x13 molecules cri, and the uptake coefficients o0& were reported to be
(3.7+1.2)x1C on Saharan dust, and (2.2+0.8)%Xh ATD, respectively.

There are several important drawbacks for the Kemd=®ll studies. First of all, the
Knudsen cell has to be operated at the molecubar fegime (usually P<1 mTorr, e.g.
[Hanisch and Crowley2001b) so that the average mean free path is larger than
dimension of the reactor and the intermoleculatistoh frequency is negligible when
compared with the gas-surface collision frequeridyerefore, it is not possible to vary
the relative humidity over a broad range. In additithe measurement of uptake
coefficients requires accurate knowledge of théaser area available for the reactions,
and it is non-trivial and often the major sourceuatertainty in heterogeneous kinetics.
Different bulk samples preparation and differeeatments such as geometric area of the
sample holder, BET surface area of the particlesamplication of pore-diffusion
corrections can lead to uptake coefficients whielii@e by orders of magnitude for the
same reactiofiGoodman et aJ.2000;Hanisch and Crowley2001a;Underwood et a).
20001 For the uptake of MDs on mineral dust, the three Knudsen cell studies
[Karagulian et al, 2006; Seisel et al. 2005; Wagner et al. 2008] reported different
uptake coefficients which vary by a factor of ~When geometric surface areas of the

bulk samples were used in all the studies to caleuhe uptake coefficients.
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4.5.2 Uptake onto dispersed dust particles

The first study of the uptake of,8s on dispersed mineral dust partic[@ésogili et
al., 2006] was performed in an environmental aerosol chambéw, which a known
amount of particles was introducedhO¥ was generated inside the chamber by reacting
NO, with ozone, and monitored by transmission FTIR.e Téecay of MNOs after
introduction of aerosols into the chamber was usedetermine the uptake coefficient,
and the aerosol surface area was calculated fremmidss of dust introduced into the
chamber and its BET area (i ). The measureg(N,Os) on mineral dust particles
were in the range of 10— 10% and ay(N,Os) of 0.03-0.15 was recommended, after
scaled up by a factor of ~160. The physical basigHis correction factor is not clear.
Furthermore, the production yield of gaseous HN¥As reported to be approximately
two, which is the expected stoichiometry of the rioygbis reaction. However, gaseous
HNO; also undergoes efficient heterogeneous reactiomis mineral dust particles
[ITUPAC, 2009] In fact, the same group reported substantialkeptd HNO;(g) onto dust
surface, using the same aerosol chanjBence et al, 2007] Therefore, the measured
yield of HNGs(g) should be significantly smaller than two, evessuming that pOs

undergoes heterogeneous hydrolysis on dust surface.

The uptake coefficients of s on mineral dust particles measured by two previous
aerosol flow tube studieBNagner et al. 2009; Wagner et al. 2008] are currently
recommended by the IUPAC Subcommittee for Gas Kineata EvaluatiorflUPAC,
2009] The uptake coefficients reported by these twalistiare listed in Table 4-5 to
compare with the values determined in this work.ngdering the experimental
uncertaintiesy(N>Os) on Saharan dust measured in present study agrassnably with
the work of[Wagner et al.2008] though no dependence of uptake coefficients ornsRH
observed in this work and they show a slightly miegadependence(N,Os) on ATD
determined in this study agrees very well with vh&ies previously reportgdVagner et
al., 2009]

The flow conditions in the aerosol flow tubes ugegrevious worl{\Wagner et al.
2009;Wagner et al.2008]and this study were almost the same, and dustlearivere

generated by the same methods, measured the sa®eafB® have very similar size
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distributions. This work has several advantages paoed to the previous studies
[Wagner et al.2009;Wagner et al.2008] which are listed below:

Table 4-5 Comparison of AFT studies ofQd uptake to mineral dust samples at room

temperature
Dust RH (%) Virue" Reference
0 0.026+0.004
29 0.016+0.004 Wagner et al., 2008
58 0.010+0.004
spcv®t 0 0.014+0.001
17 0.025+0.003
33 0.027+0.007 This work
50 0.022+0.005
67 0.018+0.005
° 0.0100.001 Wagner et al., 2009
29 0.007+0.001
0 0.010+0.001
ATD 17 0.007+0.001
33 0.010+0.001 This work
50 0.007+0.001
67 0.007+0.001

2 Errors(1o) listed are all statistical onl§.Surface area of Saharan dust particles has beescten by a
factor of 1.6 in both studies.

1) In the experiments of Wagner et 008, 2009] N,Os failed to reach the initial
concentrations when the dust aerosol density reedve 0 particles cthin the flow
tube after the introduction of dust pulses, propahle to loss of BDs on dust particles
deposited in the gas sampling inlet when the destsal density in the flow tube was
high. The effect had to be corrected and introdwdditional uncertainty in the uptake
coefficients measurement. In this work the aerdsms-sampling strategies prevented this
problem.
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2) In this work the decay of s was monitored by Cavity Ring-Down
spectroscopy, which provides quasi-direct measunemath high accuracy and high
sensitivity towards BDs. In the two previous studies,®s was decomposed (R4-2) and
titrated by NO (R4-3) at 363 K:

N,Os + M — NOs+ NO, + M (R4-2)
NOs;+ NO — NO, + NO, (R4-3)

and NOs was monitored as the change of NO concentrat®measured by a modified
chemiluminescence detector (CLD). It is rather adirect method and substantial
measurement errors could come from the determmatb small change in NO

concentration, especially when® concentration was quite low.

3) The NOs measurement by the CRD is not influenced by wadpor, whereas the

CLD was found to become less sensitive at highative humidities.

4) The statistical errors in each single uptakdfmoent are quite large in the two
previous studies (usually around 20% but up to ~59% few experiments), and in this

work they seldom exceed 10%, as shown in Table42,and 4-4.
4.6 Summary

The heterogeneous reactions ofOy on airborne mineral dust particles have been
investigated via using two aerosol flow tube afedtént initial NOs concentrations and
different relatively humiditiesy(N>Os) on Saharan dust was found to be 0.020+0.002 (1
o), independent of relative humidity and initia®§ concentration.y(N,Os) at RH=0%
0.100+0.035 (D) for illite and 0.010+0.002 (&) for ATD, respectively. No dependence
of y(N2Os) on RH is observed for Saharan dust or ATD pasiclvhile there is a negative
dependence on RH ofN,Os) on illite.
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5 Mechanisms of heter ogeneousreaction of N,Os and NO3

radicalswith mineral dust particles

5.1 Introduction

The heterogeneous uptake oy on aqueous particles has been extensively studied,
and the reaction mechanism is relatively well ustterd. In contrast, the uptake of®4¢
on mineral dust particles has not received muamnatin, and the reaction mechanism is
largely unknown. Therefore, the present databasth@rheterogeneous uptake ofQy
(and also NG on aqueous particles is briefly reviewed befdne tnechanisms of

heterogeneous uptake of® and NQ on mineral dust particles are discussed.
5.1.1 Reactions of N2Os and NO3 with aqueous particles

The mechanism of the heterogeneous reaction ££9sNvith aqueous aerosol
particles (e.g. NpHSO,, NaCl) is believed to be heterogeneous hydrolfSigure 5-1)
[Bertram and Thornton2009; Thornton et al. 2003] The reaction starts with the
accommodation of pDs into the aqueous surface layer (R5-1), formingeags phase
N>Os which undergoes reversible hydrolysis (R5-2) tomfoone NQ ion and one
protonated nitric acid intermediate ABNO,").

N20s(g) <> N2Os(aq) (R5-1)
N2Os(aq) + HO(l) < NOs'(aq) + HONO,"(aq) (R5-2)
H,ONG," will react with liquid water to form N@ion (R5-3) or react with X(where
X=Cl, Br, or 1) to form nitryl halides (R5-4), whicwill be released into gas phase due to
their limited solubility.

H20NQ;"(aq) + 2HO(l) <> 2H;0(aq) + NQ'(aq) (R5-3)
H,ONO;"(aq) + X(I) — XNO, + HO(l) (R5-4)
Though the intermediate JANO," or solvated NOs (N.Os(aq)) have not been directly

observed, this mechanism does qualitatively expthm dependence of(N,Os) on

several parameters:
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) (R5-2) and R(5-3) suggests the positive depecelaiy(N.Os) on liquid water
content, and it has been observed #{BitOs) increases with RHBadger et al. 2006;
Bertram and Thornton2009;Bertram et al, 2009b;Griffiths et al, 2009;Hallquist et al,
2003;Hu and Abbatt1997;Kane et al. 2001;Mozurkewich and Calverti988;Stewart
et al, 2004;Thornton et al.2003;Wahner et al.1998]

XNO, (g)
Gas phase
Particle XNO, (aq)
phase
+ €I [kat]

N,Os (9) N,0s (30) = H,ONO,* +NO;

+ MOy [kt

+ H_‘gﬂ k3]

H;O* +NO;’

Figure 5-1. Schematic diagram of heterogeneos3; Mydrolysis, adopted fronBrtram and Thornton
2009].

II) According to (R5-1), (R5-2), and (R5-3), orgamoatings will either suppress the
N.Os accommodation or decrease the water content lmilan the surface, and
experiments confirm that the presence of organmterds/coatings does redugd,0s)
[Anttila et al, 2006; Badger et al. 2006; Bertram et al. 2009b;Folkers et al. 2003;
McNeill et al, 2006;Park et al, 2007;Thornton et al.2003]

1) (R5-3) indicates that the presence of N@ the particles will reduce(N2Os),
and it has also been validated by several sty@iesram and Thornton2009;Griffiths
et al, 2009;Mentel et al. 1999;Wahner et a].1998]
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IV) As predicted by (R5-4), CIN®and BrNQ have been observed in the reaction of
N2Os with particles with the presence of @hd Br, respectively{Behnke et al.1997,
Roberts et al.2009; Schweitzer et al.1998] The presence of Cin the particles can
offset the suppression ¢{N.Os) at high nitrate loadings, as (R5-4) suggestss Hais

been observed Wyertram and Thornton (2009) a laboratory study.

However, increasing acidity or,80, content in the particles has been found to
promote or have no significant influence on thealptof NOs [Hallquist et al, 2000;
Hu and Abbatt 1997;Kane et al. 2001; Mozurkewich and Calvertl988] and this is
inconsistent with this mechanism, as (R5-3) predicat y(N.Os) depends negatively on
acidity in the aqueous particles. In addition, tlaeise of the temperature dependence of

v(N20s) [Griffiths and Cox, 2009in some systems is not explained.

The reactive uptake of NOby pure water was suggested to be caused by the
reaction of N@(aq) with water after accommodation of pN@adicals into the liquid
phasgRudich et al. 1996aj

NOs(g) <> NOs(aq) (R5-5)
NOs(aq) + HO(l) « HNOs(aq) + OH(aq) (R5-6)
A rise of HNGy(g) concentration and a decrease inz{gp concentration were found at
elevated relative humidity, also indicating a casi@n of NQ(g) to HNG(g) on the
moist reactor wall§Schutze and Herrman2005] X ions (X=ClI, Br, I, and Ng) in the
solution can also be oxidized by M@q)[Rudich et al. 1996a;Rudich et al. 1996bj
X'(aq) + NQ(aq)— NOs(aq) + X(aq) (R5-7)
5.1.2 Reaction of N,Os and NO3 with mineral dust particles

There have been some qualitative studies on thehaném of the uptake of
N2Os/NO3z on mineral dust particles. In one study, parti®ilatrate was detected at 1350
cm™* and 1452 cm by Diffuse Reflectance FTIR Spectroscopy in thecten of NOs
with Saharan dugGeisel et a).2005] Based on the products measurement and the time-

dependent uptake coefficient, the heterogeneowsioaaof N.Os with Saharan dust was

proposed to proceed simultaneously via reactiorh wiirface OH-groupsyfac and
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hydrolysis nyar). yhyar Was found to be time-independent whilg. decreased with time

due to the consumption of surface OH-grolfpsisel et a).2005]

In a Knudsen-cell study, HN{®) was observed as a gas-phase product with a low
yield of 4-6% by mass spectrometry in the reactanN,Os with Saharan dust
[Karagulian et al, 2006} and the heterogeneous hydrolysis mechanism wasteat! to

explain the result.

In contrast, an environmental chamber study fourat the ratio of the produced
HNOs(g) to the NOs reacted with dust aerosols was approximately 2 &t cases
(including calcite), in good agreement with the @sted stoichiometry of the hydrolysis
mechanism[Mogili et al, 2006] This result is however not compatible with anothe
study in which HNQ(g) was found to be efficiently uptaken by calaierosols by the
same groupPrince et al, 2007] The somehow contradictive results from the twalists
of the same group shed doubts on the proposed lggdranechanism of D5 on dust
surface. For the other two studi@8agner et al.2009;Wagner et al.2008] the reaction
mechanism of BOs with dust particles was not discussed in detail.

Before the present work there was only one studighwimvestigated the uptake of
NOjs radicals on dust particles, using a Knudsen é&é#ss spectrometry was used to
detect NQ, N,Os, and HNQ and resonance enhanced multiphoton ionization to
specifically detect NO and NQKaragulian and Rossi2005] In that work NQ was
produced from the thermal decomposition gfONg), so the N@ concentration in the
gas phase was similar to the NGoncentration. The uptake of N@as found to be
irreversible, but there was no evidence for thenftron of NO or NQ. This conclusion
was supported by the formation of somghand HNQ in the reaction and the complete
saturation of the surface when small amount of deeste used. The recombination of
adsorbed N@with NO, on the surface to JDs (R5-8) and the subsequent hydrolysis
(R5-9a) or desorption into the gas phase (R5-Sth@formed MOs(ad) were proposed

as the mechanism:

NOs(ad) + NQ(g) — N2Os(ad) (R5-8)
N2Os(ad) + HO(ad)— 2HNOs(g) (R5-9a)
N,Os(ad)— N»Os(g) RE-9b)
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However, given the low affinity of N©on dust surface, (R5-8) would be expected to be

very inefficient.
5.3 Effects of particulate nitrate on the N,Os uptake

5.3.1 Nitrateformed in the aerosol flow tubes

N2Os is suggested to undergo heterogeneous hydrolgsiseodust surface, leading
to the formation of particulate nitrate with a yedf two [Seisel et a).2005] If this is
true, in the present experiment the amount of @adte nitrate formed in the dust
particles in the aerosol flow tube can be calcdate

[NO31 = 224 [N,05], - {1 — exp[(ky, + ko) - t]} E51)

T kgtkw

kqg=75y-C-N-A (E5-2)

The uptake coefficient of XDs on Saharan dust particleg, was experimentally
determined to be 0.020+0.002 (Chapter 4), and tet dumber concentratioN) is
assumed to be 10,000 émAll the parameters used in the calculation atevent to the
experimental conditions. The time required to mixstdparticles with BDs and to
develop the laminar flow is not considered for dioify. Each particulate nitrate ion
formed by heterogeneous uptake efBlis assumed to occupy an area 816 cnt on

dust surface, and the surface area of one dustlpdst 7.79x1@ cnt.

When the initial NOs concentration is 6L0™ molecules ciiiwhich is typical for the
experiments performed in the new AFT, at the ekihe AFT (100 cm, or 35 s) about 4
formal monolayers of nitrate are calculated to Haeen formed (upper panel in Figure 5-
2). In this work the formal monolayer of nitratedefined as the total area of the nitrate
(assuming that each nitrate occupied®'° cnf) divided by the geometrical area of one
Saharan dust particle. The mass of one formal nageolof nitrate is about T0of the
mass of one fresh dust particle. When the initigDd\concentration is 210" molecules
cm® which is typical for the experiments performed fre told AFT, about 80 formal
monolayers of nitrate are calculated to have beandd at the exit of the AFT, i.e. after
interacting with NOs for 35 s (lower panel in Figure 5-2). The maximunitial N,Os

concentration used in this study is 2.7%1olecules cri, giving the formation of ~200
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formal monolayers of nitrate (or a 20% increase¢hm mass of the fresh dust particle,

assuming no volatile products are formed in thectien).
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Figure 5-2. Particulate nitrate formed on the siefaf dust particles due to the heterogeneous epiak
N.Os. Every NOs molecule which has reacted heterogeneously witst garticles is assumed to be
converted to two nitrate ions on the surface (beetéxt for details). Upper panel: nitrate formatio the
AFT, when the initial NOs concentration is 10" molecules cm. Lower panel: nitrate formation in the

AFT, when the initial NOs concentration is 210" molecules c.

It should be pointed out that the formation of 8hial monolayers nitrate does not
imply that each dust particle is evenly coated v@@hmonolayers of nitrate. Though the
initial concentration of PDs and thus the number of nitrate monolayers fornmethe
flow tube due to the heterogeneous uptake @sNire varied by a factor of more than 20,
the uptake coefficient of XDs showed no dependence on the initigDhconcentration
within the experimental uncertainties (see Chagtéor more information). This result
suggests that either the reaction does not consurface sites or that the available

surface of each particle is much larger than itsgegtrical area, i.e. it is highly porous.
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The same parameters used in calculating the foomadf nitrate monolayers,
including the effective uptake coefficient oL,®%, the average surface area of mineral
dust particle, the pOs wall loss rate, and dust number concentrationevirther used to
calculate the decay of s in the aerosol flow tube. Dust surface was assutodok
completely deactivated (i.e. no longer able to kgptany NOs) after X formal
monolayers of reactive sites (assuming that eadticpkate nitrate ion formed by
heterogeneous uptake of®% occupies an area ok50™ cnt on the dust surface) were
formed; while before the formation of X formal mdayers of nitratey(N,Os) did not
change. Here the value of X can be varied in differcalculations. The initial JDs
concentration was set to 1x¥@nolecules cif,

IE13 =

1E12 4 — 1 monolayer -\* i

N,O, (molecules cm 3)

—— 20 monolayers

'S
— 50 monolayers s l
— 100 monolayers \\\J
- — 1000 monolayers
lE] l I L} I L} I L} I L} I L) I L) I
0 5 10 15 20 25 30

Interaction time (s)

Figure 5-3. Decay of pDs concentration in the aerosol flow tube, assumimaf different numbers of
reactive sites (in the unit of formal monolayers} available for the heterogeneous uptake #dsNThe
diamonds are the calculated,®§ concentration assuming no surface deactivatiomguan uptake
coefficient of 0.02 determined in this work (seea@ter 4).

The results of these calculations are shown inrBidu3, suggesting that the.0é
decay in the aerosol flow tube would be much slaiwan what was measured if the dust

surface was deactivated by the formation of sevierahal monolayers of nitrate. These
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simulations further confirm that the Saharan dastiges have much more capacity than

one formal monolayer to uptake®.

If the heterogeneous uptake of4 is of Langmuir-Hinshelwood mechanism, the
negative dependence 0f{N,Os) on initial NOs concentration might probably be
observed when the surface coverage is high (e.@nNWhyn4c(X)[X]4 is similar or
larger than 1, see Section 1.5 for details). Noeddpnce ofy(N,Os) on N205
concentration was observed in this work. Howeitatpes not necessarily mean that the
heterogeneous uptake 0f®% is of Langmuir-Hinshelwood mechanism, becauss ftat
clear whether the surface coverage was high urdeexperimental conditions in this
study. Further experiments at higher N20O5 conceatranight help to understand the
reaction mechanism.

5.3.2 Effects of nitrate coating on the N,Os uptake

As stated in the previous section, the uptake woefft of NbOs was experimentally
determined to be ~0.018, showing no dependencéearhount of particulate nitrate in
the dust particles, in contrast to the nitrate affie the heterogeneous uptake ooy on
agueous particleBertram and Thornton2009;Mentel et al. 1999]and ice surface (see
the compilation by [IUPAC, 2009). Two possible scenarios can explain the
independence of the,Ns uptake coefficients on Saharan dust particlesheratmount of
particulate nitrate formed in the aerosol flow tbe. on the initial NOs concentration):
1) heterogeneous uptake of®§ on mineral dust particles has other reaction mashas
such as heterogeneous surface-catalyzed decoropositither than heterogeneous
hydrolysis, so that no particulate nitrate is fodnen the dust particles, 2) or the
particulate nitrate in the dust particles doesintddence the uptake of /s, opposite to

that observed for the heterogeneous hydrolysigjoe@us surfaces.

The uptake of HNg{g) on mineral dust particles is known to be eéfitiHanisch
and Crowley 2001a;Vlasenko et al.2006] and leads to the formation of particulate
nitrate on the dust surfa¢&oodman et aJ.2000;Liu et al, 2008] The heterogeneous
uptake of HNQ@(g) on Saharan dust was also preliminarily inved#d in this work and
found to be quite substantial, as shown in Appeexlidl. To further investigate the

effect of particulate nitrate on the uptake g0y on dust, in some experiments Saharan
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dust particles were mixed with HN@) in the 5 L mixing volume before being
introduced into the aerosol flow tube to deterntime uptake coefficient of XDs on the

chemically modified dust particles.
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Figure 5-4. The response o5®% (solid blue line, right y-axis) to the introduatiof Saharan dust particles
(black line, left y-axis), which was pretreatedtie mixing volume by HNgfg). The dash blue line is the
expected response ok without the pretreatment by HN@). Upper panel: HNgdg) was produced by
eluting a 65% nitric acid solution by 20 sccrp. Nower panel: HN@(g) was produced by eluting a 65%
nitric acid solution by 20 sccm,N

HNOs3(g) was eluted from a 65% HNQ@olution held at room temperature (with the
HNO; vapor pressure of about 8 Torr) in 20 sccgn This flow was directly transported
into the mixing volume and mixed there with the &alm dust aerosols flow (800 sccm).
After exiting the mixing volume, the HN{®)-pretreated Saharan dust particles were

delivered into the old aerosol flow tube through #ide arm and the uptake coefficients
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of N,Os were measured. As shown in the upper panel ofr€ige4, the pretreatment by
HNO3(g) substantially suppressed the uptake gd{\Non Saharan dust particles.

The results of these experiments in which 20 scemvak used to elute HNQ@),
are summarized in Table 5-1. The uptake coeffisieht\,Os for the HNQ(g)-pretreated
Saharan dust particles are determined to be 0.@60&7, 0.0043+0.0003, and
0.0027+0.0001 at RH of 0%, 25%, and 50%, showinglependence on RH within the
experimental errors. The uptake coefficient wasuced by a factor of ~5, when
compared with the average value (0.016+0.002) for fresh Saharan dust, which was
not pretreated by HN4Qg).

Table 5-1. Uptake coefficients of .85 on chemically modified Saharan dust and

experimental conditions

RH (%) [N;O:]? Yirve” Average®
24 0.0063+0.0005

0 26 0.0039+0.0010 0.00600.0007
26 0.0073+0.0006
21 0.0037+0.0011
21 0.0036+0.0007

25 21 0.0046+0.0005 0.0043+0.0003
22 0.0045+0.0008
19 0.0030+0.0006

50 19 0.0027+0.0004 0.0027+0.0001
26 0.0025+0.0005

In these experiments HN(@) was eluted from the 65% aqueous solution bg@dn N2 and mixed with
the 800 sccm aerosol flow in the mixing volurhéitial N,Os concentration in the units of ¥amolecules
cm?®. ® The values ofwue have been corrected for diffusion limit to theakst.© Weighted averageg,,. at
the corresponding RH. The errorsolare statistical only.

In two further experiments (RH=0%), Saharan dustigas were mixed with
HNOs(g) which was eluted from a 65% nitric acid solatioy 100 sccm Nbefore they
were delivered into the flow tube. As shown in tbwer panel of Figure 5-4, within the

noise level there was no change of the measur€ Rixing ratio even when dust
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aerosol reached about 14000 particles émthe flow tube, so only an upper limit Bf.e
< 0.0015 is reported here. The uptake coefficiéiig®s on NaNQ particle have been
determined to be 0.002-0.003 at RH<6(0%entel et al. 1999;Wahner et al.1998] in

accordance with the upper limit estimated in thislg.

Several methods have been used to estimate thenawfonitrate formed on the dust
particle by reaction with HN¢Jg) in the mixing volume, and the results are shawn
Appendices A2. However, the amount of nitrate fatnmn the dust particles in the
mixing volume is difficult to estimate for severaasons: 1) the HN{concentration in
the mixing volume was around *PaL0"* molecules cri, and in this concentration range
the kinetics of the uptake of HN(@) on dust particles is not readily known; 2) thes
of HNOg3(g) onto the dusty wall of the mixing volume, whietight be an important non-
particle sink for HNQ(g), is difficult to take into account; 3) the esétion of the
HNOs(g) concentration in the mixing volume, based anvthpor pressure of 65% HNO

solution, might not be accurate enough.
5.4 Products of the heterogeneous reaction of N,Os with dust particles

So far we have shown that particulate nitrate, éxtray reacting HNglg) with dust
aerosols in the mixing volume, significantly sumses the uptake of ,®s on dust
particles. However, the uptake coefficients ofOlon dust particles do not depend on
initial N2Os concentration or relative humidity in the flow ®bA possible explanation to
this “dilemma” is that instead of hydrolysis on tlieist surface, MDs undergoes
heterogeneous decomposition, which does not ledcetéormation of particulate nitrate
and thus does not consume surface reactive sitdd,(Qs undergoes heterogeneous

decomposition on the dust surface, N@ust be the final product, as shown below:

S + NOs(g) > S-NoOs(ad) (R5-10)
S-N;Os(ad) > NOy(g) + S-NQy(ad) (R5-11)
S-NOs(ad) — NOy(g) + S-O(ad) (R5-12)
S-NOs(ad) + S-O(ad)> NOx(g) + Ox(g) + S+ S (R5-13)

where S is the surface reactive site, and,SGsfd), S-NQ(ad), and S-O(ad) are surface

adsorbed BOs, NOs;, and O atom, respectively. Therefore, experimamie carried out
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to measure the fraction of N@roduced from the heterogeneous interaction &ksNvith

Saharan dust.
5.4.1 Cavity Ring-Down spectroscopy detection of NO, and N,Os

As described in Section 2.4,,0 and NQ were simultaneously measured by
Thermal dissociation Cavity Ring-Down spectroscdpip-CRD) after passing a filter
loaded with Saharan dust particles. A control expent was performed to check
whether the two paths were identical when a frésdr fvas also used in the sample path.
In the absence of dust on the filter in the sangath, the measured N@nd NOs
mixing ratios were the same as the values whergéisepassed through the blank path,
demonstrating that the both paths have the sansévigatowards NQ and NOs.
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Figure 5-5. N@ and NOs concentration observed when the gas passed thrheghlank path and the
sample path with a filter loaded with 23.03 mg Sahalust particles at RH=0%. Upper panelONpassed
through the paths. Lower panel: Bi@assed through the paths; in this case both clenh¢éhe TD-CRD
only measured N&concentration.

The result of an experiment in which®§ was passed through a filter loaded with
23.03 mg Saharan dust particle (RH=0%) is showthé upper panel of Figure 5-5.

When the 4 SLM gas passed through the blank phtiytal3 ppbv BOs was measured
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together with about 5 ppbv NOwhich came from the decomposition ofQ4 before and
after the filter. When the gas was switched throtighdust-loaded filter, the mixing ratio
of N,Os dropped almost to O due to the interaction witltreely large amount of dust
particles loaded on the filter, and there was mmificant deactivation of dust surface
after ~30 min exposure. Meanwhile the mixing ratficNO, decreased from ~5 ppbv to ~
2ppbv. An increase in the measured N@xing ratio should have been observed jObl
underwent heterogeneous decomposition on the duface, assuming that the direct loss

of NO, onto the dust surface is not significant.

Further experiments were conducted to examine \ehette heterogeneous loss of
NO, was negligible. 5 ppbv NQvas passed through the same sample path, andsthié r
is shown in the lower panel of Figure 5-5. The NWxing ratio was only reduced by less
than 10%, qualitatively agreeing with th@NQO,) is a factor of 1000 smaller tha(N,Os)
on Saharan dustUPAC, 2009] Therefore, the significant decrease of the measNG
mixing ratio (more than 50%) when@®s passed through the sample path could not result
from the uptake of N@on Saharan dust.

N,Os decomposed before and after the filters. Whenghe passed through the
blank path, N@ came from the pDs decomposition before and after the clean filter.
When the gas passed through the sample path andheéhasured POs mixing ratio
dropped to almost O after the interaction with $ahalust (upper panel of Figure 5-5),
NO, could only originate from the decomposition g before the filter. Therefore, the
measured N@mixing ratio also decreased significantly when glas passed through the

sample path.

From the upper panel of Figure 5-5, ~16.7% @ON(2.2 ppbv NQ in 13.2 ppbv
N.Os) was estimated to decompose to Ng@fore the filter and totally 32.1% of,8s
(4.2 ppbv NQ in 13.2 ppbv MOs) decomposed in the system, i.e. 15.4% @ON
decomposed after the filter. The measured decomiposiraction (15.4%) of BDs
agrees well with the calculated value of 15.5%ha tavity (2000 sccm flow in the
cavity of 168 cr at 298K), assuming that N®@adicals formed from the decomposition

react with the wall and the recombination of N@nd NQ is negligible. The
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decomposition fractions of /s before and after the filter were also used toextrother

data, which are shown in Figure 5-6.
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Figure 5-6. The measured B@nd NOs mixing ratios when the gas passed through thekbterd the
sample paths. Upper panel: 23.03 mg dust, and BR&i#diddle panel: 0.83 mg dust, and RH=0%; Lower
panel: 1.31 mg dust, and RH=50%. During the expemntsithe gas flow was switched to the blank path to
check if the initial NOs mixing ratio was stable.

Three experiments in which different amounts ofé8ah dust were loaded on the
filter, were performed at different relative huntis (RH) to investigate the influence of
dust mass, reaction time (thus deactivation of dustace), and RH on the production
yield of NG,. The results are displayed in Figure 5-6, in whiod mixing ratios of N@
and NOs were both corrected for the,® decomposition. All the pOs reacted with
dust in the first experiment (upper panel), in tecond experiment &5 almost
recovered to the initial level (close to 95%) a #nd of exposure (middle panel), and in

the third one the dust surface started to be dedet but was still far from being totally
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saturated (lower panel). In all the three cased @so two different RH), no NOwas
observed to be formed in the reaction gOylwith Saharan dust. Due to the small loss of
NO, onto the dust particles (<10%, shown in the lop@&nel of Figure 5-5), an upper

limit of 10% for the NQ production yield was estimated.
5.4.2 on chromatography analysis of particulate nitrate

After exposure to bDs, the three dust samples were extracted in 10.00 mL
deionized water in an ultrasonic bath for 30 mimg ¢he solutions were analyzed by ion
chromatography to measure the nitrate contents $setion 2.4). Another three fresh
dust samples were also analyzed by the same maihndasure the nitrate present in the
fresh dust. After subtracting the amount of nitpatesent in the fresh dust particles, the
nitrate production yield from the reaction of Samadust with NOs was determined to
be 1.75+0.83 (I), reasonably agreeing with the theoretical valti,cassuming that
every NOs molecule which has reacted with dust is convetrtetivo nitrate ions on the
particles. The large uncertainty of the measuréate production yield stems from the
variation of the nitrate mass fraction in the frellst samples (0.247+0.08§ nitrate in
1 mg Saharan dust), because the nitrate mass fretedust samples were of the similar

magnitude of the mass of the nitrate formed inhsierogeneous reaction of®é.

The measurements of the gas phase (n@ ploduced) and the condensed phase
(nitrate) products both suggest tha{Oyl indeed undergoes heterogeneous hydrolysis on
the dust surface, forming particulate nitrate watproduction yield of about two within
the experimental uncertainties. It remains to bdewstood whyy(N2Os) is independent

of relative humidity or NOs concentration, as shown in Chapter 4.
5.5 Mechanism

It is shown in Section 5.4 that undoubtedly,(N undergoes heterogeneous
hydrolysis on the Saharan dust surface to formquaate nitrate with a production yield
of about 2. Why do the uptake coefficients ofOy show no dependence on relative
humidity, as shown in Section 4.3.1? EachON molecule which undergoes
heterogeneous hydrolysis consumes ogf@ kiolecule and forms two nitrate ions, i.e.

m(NO3) . M(Hz0)

m(H,0) = 2 M(NO3)

(E5-3)
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wherem(H,0) is the mass of 0 consumed anok(NO3) is the mass of formed nitrate
formed due to the heterogeneous hydrolysis :Nand M (H,0) andM (NO3) are the
molar mass of BFD and NQ@, respectively. As stated in Section 5.3.1, the imar
initial N,Os concentration used in this study was 2.7 holecules cii, leading to the
formation of nitrate whose mass is ~20% of thehfrdgst particle (corresponding to an
increase of ~6% in diameter, assuming that the desisity did not change), and
therefore required ¥ whose mass is about 3% of the fresh dust patickeact with
N»Os, according to (E5-3). Water contained in clay mateincludes adsorbed water and
internal water, which consists of interlayer wated lattice OH water. The internal water
can contribute to more than 10% of the total masd,it can only be removed after being
heated to more than 80C [Grim, 1953] The independence of uptake coefficients of
N2Os on RH may thus suggest that Saharan dust partibhesys contain a large amount
of internal water which is available for the hygik, and that the heterogeneous uptake
of N2Os is not purely a surface process. The uptake «oeffi of NOs on water surface
at room temperature is in the range of 0.01-QI02AC, 2009] approximately equal to
the uptake coefficient on Saharan dust particles.

The uptake coefficient of XDs on Saharan dust particles does not vary withainiti
N2Os concentration in the flow tube, even when nitr@itenore than 100 monolayers is
formed. This phenomenon again suggests that thekemif NOs on Saharan dust is not
purely a surface process and a large fraction efintlternal surface of dust particles is
also available for the uptake. The geometric afgheairborne Saharan dust particles is
3.03 nf g (7.79um? per particle), and the BET area of bulk Saharast ©u39.6 Mg,
which is about a factor of 10 times of the georsatrarea. It should also be noticed that
the BET area of the airborne dust particles cam éeemuch larger than 39.6 g (the
BET area of bulk dust particles), because durirg dispersion of bulk samples and
transport of dust aerosols into the flow tube, biggarticles have larger probability to be
removed from the gas flow due to deposition andactipn. The large difference in the
geometric area and the BET area of a single partteln explain why the uptake
coefficient of NOs shows no dependence onQ¥ concentration (5x16 - 3x1d3

molecules cr).
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The mechanism of the heterogeneous reaction s Nvith dust particles is
proposed to be the hydrolysis op®$ (R5-12, R5-13) after being adsorbed on the dust
surface (R5-11):

N20s(g) <> N2Os(ad) (R5-11)
N,Os(ad) <> NO,"(ad) + NQ (ad) (R5-12)
NO,"(ad) + HO(ad)«> HNOs(ad) + H(ad) (R5-13)

where HO(ad) is the water content contained in the dudtgb@s. This mechanism is the
analogue to the heterogeneous hydrolysis gDsNon aqueous surface, and it explains
why pretreatment of Saharan dust particles with Blgocan suppress the,8s uptake.

It has been shown in Chapter 3 the@lO3)/y(N2Os) was close to unity, and the surface
deactivation processes were similar for both sge@aggesting that the mechanism of
the uptake of N@on dust particles is similar to that of uptakeNoOs. The uptake of
NO;s radicals on dust patrticles is thus proposed taged via adsorption of N@adicals
on the dust surface (R5-14) followed by the reactad adsorbed N© with water
contained in the particles (R5-15):

NOx(g) <> NOs(ad) (R5-14)
NOs(ad) + HO(ad)«< HNOs(ad) + OH(ad) (R5-15)

(R5-15) suggests that particulate nitrate also segges the uptake of N@n dust
surface, and it explains why the measured; @ NOs mixing ratios had similar time

profiles when the gas passed the same bulk dugileaas shown in Section 3.3.1.
5.6 Summary

Particulate nitrate has been identified as the yebdf the heterogeneous reaction of
N2Os with mineral dust particles with a yield of ~2 kit the experimental uncertainties,
and no NQ@ is formed in this reaction, suggesting thaOy undergoes heterogeneous
hydrolysis on the dust surface. The uptake coefficof NOs on Saharan dust particles,
v(N20s), does not change even when up to about 200 formaalolayers of nitrate are
formed, indicating that the uptake of,®§ on dust particles is not purely a surface
process but the internal surface is also avail&tridhe reaction. The independence of

v(N20s) on relative humidity can be explained by the kamlity of internal water
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contained by the dust particles. Exposure of Sahdtest particles to HN)g) of high
concentration (around 1910 molecules cii) can largely suppress the uptake O}
and the extent depends on the concentration of #ilNQised to pretreat dust particle.
Presumably the effect of nitrate is to consumetatiise water in the dust particles and
thus prevent the uptake ot@®, though no quantitative relation betwegh,Os) and the

nitrate content can be derived from this work.
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6 Atmospheric implication and outlook

6.1 Summary

In this work the heterogeneous reactions of mindtat particles with pDs and

NOs radicals have been studied. The major findingkde

1) Using two aerosol flow tubes, the uptake cosedffit of NOs, v(N2Os), was
determined to be 0.020+0.002 ¢) on airborne Saharan dust particles, independient o
relative humidity in the range of 0-67%. It alsoosis no dependence on 0
concentration in the range of 5X4@x10"® molecules cii. In addition, the uptake
coefficients of NOs on Arizona Test Dust and lllite have also beensuead at different
relative humidities up to 67%. At RH=0%(N,Os) were 0.084+0.019 (&) for illite and
0.010£0.001 () for Arizona Test dust.

2) The quantitative analysis of the gas phase anmticplate products suggests that
N2Os undergoes hydrolysis on the dust surface to faantiqulate nitrate with a yield of
about 2. The independence of the uptake coeffi@&éM,0Os on relative humidity is due
to the large amount of internal water (up to mbent10% of the dust mass) available for

the reaction.

3) The heterogeneous reaction of(y with Saharan dust particles is not a purely
surface process. The internal surface, whose areauch larger than the geometric area,
is also available for the heterogeneous hydrolg$isl,Os, explaining why there is no
dependence of the uptake coefficients of©Nconcentration. Nevertheless, the dust
particles could be deactivated if the particulateate reached high levels after the dust
particles were exposed to HN@) of about 16>-10'° molecules cii, and presumably

would be deactivated if exposed tg¥ with sufficiently high concentration.

4) Using a relative rate method, the uptake caefiicratio of NQ to N,Os,
v(NO3)/y(N2Os), was measured to be 0.9+0.4 @) for Saharan dust particles,
independent of relative humidity (0-70%), Bl@nhd NOs concentrations, and reaction
time, though surface deactivation was observedhdutie experiments for both species.

The heterogeneous reaction of Nf@dicals with mineral dust particles is proposed t
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proceed via the reaction of adsorbed ;N@th surface-adsorbed and internal water, in

which particulate nitrate is formed.

5) At RH=0%, the uptake coefficient ratio of N@ N,Os, y(NO3)/y(N2Os), was
measured to be larger than 15 for ambient urbaticfes, and in the range of ~1.5-3 for

candle-generated soot particles.
6.2 Atmospheric implications

Neglecting diffusive limitation to mass transpdlte lifetime ¢, in s) of a trace gas,
X, with respect to uptake on the surface of atmesptparticles, can be calculated using
the following equation:

Ty = — (E6-1)

T yxcA

whereyx is the uptake coefficient,is the average molecular speed in cmandA is the
surface area concentration of atmospheric particiesn? cm®. If assuming that the
average diameter of mineral dust particles jgriiand the density of dust particles is 2.7
g cm?, (E6-1) then becomésVagner et al.2008]:

r=—2 x108 (E6-2)

yx€L
whereL is the atmospheric dust particles loadinguincmi®. In this calculationy(N,Os)
of 0.020 and/(NOs) of 0.018 determined in this work are used, amdabverage molecule
speed at 23C is 24100 cm$for N,Os and 31800 cmsfor NO;, respectively.

The dependence of the,® and NQ lifetimes on the mineral dust loading is
displayed in Figure 6-1. With a dust loading of W ug m*, which is typical in dust-
impacted region§Chun et al. 2001;Ginoux et al, 2001;Prosperg 1979; 1999Zhao et
al., 2010] the lifetime of NOs with respect to the uptake on dust particles 2s1P. h.
The steady-state lifetime of ,8s determined by field measurements typically varies
between 5 min and several holwddener et al. 2006;Crowley et al. 2010a;Heintz et
al., 1996;Martinez et al. 2000;Wood et al. 2005] suggesting that the uptake on dust
particles can be a very important sink fog in dust-impacted regions. Removal of
N2Os (and thus NOx) impacts the levels of &d OH indirecthyfDentener and Crutzen
1993;Evans and Jacql2005] as shown in Figure 1-1 and 1-2. Uptake gDhl together
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with the uptake of HNegIg), can also contribute significantly to the fotioa of
observed particulate nitrate in mineral dust plasicduring long-range transportation
[Sullivan et al.2007;Tang et al. 2004;Zhang et al. 1994] further modifying the ability
of dust particles of acting as cloud condensatiodei [Laskin et al. 2005;Liu et al,
2008;Sullivan et al. 2009bJand ice nuclejSullivan et al. 2010a]

100 R

S
i

Lifetime (hour)

4

0.1

1 10 100
Dust loading (ug rn-s)

Figure 6-1. Lifetimes of BOs and NQ with respect to the heterogeneous uptake ontoralidest patrticles,
as functions of dust loading in the atmosphere.

Different y(N2Os) on mineral dust particles, which varied almosttlwp orders of
magnitude, were used in modeling studies to ingatgi the effects of heterogeneous
reaction of NOs with mineral dust aerosols. For exampté\,Os) of 0.1, 0.01, 0.03,
0.01, and 0.03 were used in the modeling by Dentehal.[1996], Bian and Zender
[2003], Evans and Jacdl2005], and Zhu et al[2010]. In addition, a value of(N2Os)
which varied between 0.003 and 0.02 with relatiuentdity was adopted by Bauer et al.
[2004]. This work suggests that a value of 0.02 §W.0s), which is independent of
relative humidity, should be used in modeling stgdio simulate the heterogeneous
reaction of NOs with mineral dust aerosols. Dust particles undexgimg processes and
become enriched in nitrate during transpdfiatsuki et al., 2005; Mori et al., 2003;
Sullivan et al.,, 2007 Saharan dust particles have been shown to hawh migher
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capacity to uptake }0s than that of the geometrical area in this world &iN,Os) will

not change even when up to ~200 formal monolayengrate is formed in dust particles.

The lifetime of NQ radicals in the nocturnal boundary layer is vegyiable but
usually less than 1 JAldener et al. 2006;Crowley et al. 2010a;Martinez et al. 2000]
which is mainly attributed to the reactions witlgamic species. The presence ofu20m
%of dust particles in the boundary layer gives azNfatime of ~5 h with respect to the
uptake on dust particles, which is of minor impott@ompared with reactions with
organics in the gas phase. In the free tropospN€relifetimes are significantly higher
due to the reduction of concentrations of surfaoéted reactant$Aliwell and Jones
1998; Allan et al, 2002;Brown et al, 2007b] and the uptake of NOon dust particles
can be an important pathway which removes; Nitectly from the atmosphere. However,
the lower temperature and also less;NiOthe free troposphere favors® much more
than NQ [Sander et aJ.2006]}

N,0
T = Kog[NO,] (E6-3)

Koq = 2.7 X 10727 (11000/T) (E6-4)

whereKeq is the equilibrium constant in énmoleculé', andT is the temperature iK.
Mineral dust particles have almost the same reiactiowards NQ and NOs. Therefore,
in the free troposphere the heterogeneous loss,0f Rust be much more important
than that of N@ in terms of NOx removal. To conclude, the hetenageis uptake of
NOsz on mineral dust particles is not likely to be gndicant NOx removal process unless
the dust loading is a few hundred m* (in dust plumes). Similarly, the uptake of NO
on dust particles is not important to the formatmfparticulate nitrate under typical

conditions.
6.3 Futurework

lon chromatography analysis suggests that parteuldrate is formed due to the
heterogeneous uptake of;® on dust particles, as shown in Section 5.4.2. The
possibility that NOs was just adsorbed on the dust surface and theveded to nitrate
after the dust particles were dissolved in the mieged water cannot be ruled out, though
it is very unlikely. Analysis of the dust surfaceftre and after the reaction with®§ by
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Fourier transform infrared spectroscopy will hetmfirm the formation of nitrate due to
the uptake of BO:s.

Field measurements show that the uptake coefficENeOs on ambient particles is
significantly smaller than that on aqueous sulfsdicles reported by laboratory studies
[Bertram et al. 2009b;Brown et al, 2009a] most likely due to the presence of organic
species in the ambient particles. Observation-caim&d modeling studies also indicate
that the uptake coefficients smaller than that repbby laboratory studies have to be
used in the models in order to reproduce the medscompositions of dust particles
[Fairlie et al., 2010;Song et al.2007] In this work experiments with bulk and dispersed
dust samples both confirm that the dust partictedccbe deactivated after the amount of
particulate nitrate reached certain amount. Thedégnce of uptake coefficients of®¢
on mineral dust, on the amount of particulate tetra the dust particles, was rather
gualitatively investigated, and quantitative stsden the nitrate effect are definitely

required.

A variety of organic species have been found tadsociated mineral dust particles
[Falkovich et al. 2004;Wang et al. 2009] Laboratory studies on the effect of organic
coatings on the uptake of.@s are also necessary, considering that organic otste
sulfate and NaCl aerosols can substantially suppites uptake of pOs [Anttila et al,
2006;Cosman et aJ.2008;Folkers et al. 2003;McNeill et al, 2006;Park et al, 2007]

The uptake coefficient of D5 on ammonia sulfate particles shows a negative
dependence on temperature in the range of 263-3@8 RH=50% Griffiths and Cox
2009] While the effect of temperature on the uptakégDs on mineral dust particles,
which might be important in the troposphere, hat been considered yet and needs

further investigation.

The original plan of the PhD study was to invesgghe heterogeneous reactions of
mineral dust aerosols with NGnd NOs, by combining laboratory studies with field
measurements. During the PhD study ambient Bi@ NOs were measured by Cavity
Ring-Down spectroscopy in three field campaigns.oAgithe motives was to determine
the uptake coefficients of s on ambient particles. During the DOMINO campaign

(Diel Oxidant Mechanisms In relation to Nitrogeni@es) which was performed from
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November 21 to December 08, 2008 on the Atlantestof the southern Spanish, the
nocturnal loss of NOx was dominated by the reastioh NO; radicals with organic
speciedCrowley et al. 2011] In addition, particles mainly consisted of organspecies,
sulfate, and nitrate, with no contribution by migedust[Diesch et al. 2011] In the
second campaign, HUMPPA-COPEC 2010 (Hyytidla Unitéteasurement of
Photochemistry and Particle€Comprehensive Organic Particle and Environmental
Chemistry)[Williams et al, 2011] the lifetimes of N@ and NOs were very short and
exclusively controlled by the reactions of N®ith biogenic hydrocarbons emitted by the
plants in the boreal forest. The third field cangpatook place from August 08 to
September 09, 2011 at the Taunus Observatory,eldcat the summit of the Kleiner
Feldberg Mountain in South-western Germany. Previmeasurement in May 2008
suggests that the nocturnal loss of NOx at thesvsds dominated by the reactions of]NO
with volatile organic carbons and the loss ool was only of secondary importance
[Crowley et al. 2010a]

To better investigate the uptake of,(¥ on ambient dust particles, field
measurements in future should be carried out apéheds when dust storms frequently
occur and sites which are heavily impacted by dtistms. The Global Atmospheric
Watch station Izana on Tenerife, where aerosol roassentration could exceed 509
m* and substantially reduced the levels of seveages gases including NOx and [@e
Reus et al.2005] would be an ideal field site to study the hetermpus interaction of
ambient fresh Saharan dust particles witON Field measurement of NGand NOs
should also be performed during the break out eadust storms at sites along the dust
transport routes, where dust particles undergogaduring transporfArimoto et al,
2004; Mori et al, 2003] An alternative way is to develop an experimemghnique
which can be used to directly measure th®J\reactivity on ambient particld8ertram
et al, 2009aJand deploy it in field to measure the reactivityNpOs on ambient dust

particles which have been aged to different extents

- 106 -



7 References

Aldener, M., et al. (2006), Reactivity and loss meusms of N@and NOs in a polluted
marine environment: Results from in situ measuramdaring New England Air Quality
Study 2002,). Geophys. Res.-Atmp$11(D23).

Aliwell, S. R., and R. L. Jones (1998), Measurermafittropospheric NO3 at midlatitude,
J. Geophys. Res.-Atmp$03D5), 5719-5727.

Allan, B. J., J. M. C. Plane, H. Coe, and J. Sbill{2002), Observations of NO
concentration profiles in the tropospheleGeophys. Res.-Atmp$074D21).

Ammann, M., U. Poschl, and Y. Rudich (2003), Eféecof reversible adsorption and
Langmuir-Hinshelwood surface reactions on gas uptély atmospheric particles,
Physical Chemistry Chemical Physié€2), 351-356.

Ansmann, A., et al. (2003), Long-range transpoi$aiiaran dust to northern Europe: The
11-16 October 2001 outbreak observed with EARLINHT,Geophys. Res.-Atmgs.
108D24).

Anttila, T., A. Kiendler-Scharr, R. Tillmann, and F. Mentel (2006), On the reactive
uptake of gaseous compounds by organic-coated aguarosols: Theoretical analysis

and application to the heterogeneous hydrolysidNss, J. Phys. Chem. ,AL10(35),
10435-10443.

Archuleta, C. M., P. J. DeMott, and S. M. Kreidemsv¢2005), Ice nucleation by
surrogates for atmospheric mineral dust and mindtat/sulfate particles at cirrus
temperatureshitmos. Chem. Phys, 2617-2634.

Arimoto, R., X. Y. Zhang, B. J. Huebert, C. H. Kaly L. Savoie, J. M. Prospero, S. K.
Sage, C. A. Schloesslin, H. M. Khaing, and S. N.(@004), Chemical composition of
atmospheric aerosols from Zhenbeitai, China, ansa@oSouth Korea, during ACE-Asia,
J. Geophys. Res.-Atmp$09D19).

Asaf, D., D. Pedersen, V. Matveev, M. Peleg, C.rKér Zingler, U. Platt, and M. Luria
(2009), Long-term measurement of N@dicals at a semiarid urban site: 1. extreme

- 107 -



concentration events and their oxidation capaéityiron. Sci. Technqgl43(24), 9117-
9123.

Atkinson, R., D. L. Baulch, R. A. Cox, J. N. Crow]&R. F. Hampson, R. G. Hynes, M. E.
Jenkin, M. J. Rossi, and J. Troe (2004), Evaludiedtic and photochemical data for
atmospheric chemistry: Volume | - gas phase reastiof Ox, HOx, NOx and SOx
speciesAtmos. Chem. Physl, 1461-1738.

Atkinson, R., D. L. Baulch, R. A. Cox, J. N. Crow]&R. F. Hampson, R. G. Hynes, M. E.
Jenkin, M. J. Rossi, and J. Troe (2006), Evaludiedtic and photochemical data for
atmospheric chemistry: Volume Il - gas phase reastbf organic speciedtmos. Chem.
Phys, 6, 3625-4055.

Avila, A., I. QueraltMitjans, and M. Alarcon (1997Mineralogical composition of
African dust delivered by red rains over northeastgpain,J. Geophys. Res.-Atmps.
102D18), 21977-21996.

Ayers, J. D., and W. R. Simpson (2006), Measuremehi\,Os near Fairbanks, Alaska,
J. Geophys. Res.-Atmp$11(D14).

Badger, C. L., P. T. Griffiths, I. George, J. P.Ahbatt, and R. A. Cox (2006), Reactive
uptake of NOs by aerosol particles containing mixtures of humetd and ammonium
sulfate,J. Phys. Chem. ,A10(21), 6986-6994.

Balkanski, Y., M. Schulz, T. Claquin, and S. Gutb&007), Reevaluation of Mineral
aerosol radiative forcings suggests a better ageaemith satellite and AERONET data,
Atmos. Chem. Phy</(1), 81-95.

Bauer, S. E., Y. Balkanski, M. Schulz, D. A. Hawgghine, and F. Dentener (2004),
Global modeling of heterogeneous chemistry on nainaerosol surfaces: Influence on
tropospheric ozone chemistry and comparison torghsens, J. Geophys. Res.-Atmos.,
109(D2).

Behnke, W., C. George, V. Scheer, and C. Zetzs@®7l Production and decay of
CINO,, from the reaction of gaseous,® with NaCl solution: Bulk and aerosol
experiments). Geophys. Res.-Atmp$02D3), 3795-3804.

- 108 -



Bertram, T. H., and J. A. Thornton (2009), Towardemeral parameterization oHLGk
reactivity on aqueous particles: the competingatéfef particle liquid water, nitrate and
chloride,Atmos. Chem. Phy$9(21), 8351-8363.

Bertram, T. H., J. A. Thornton, and T. P. Rieddél(@a), An experimental technique for
the direct measurement ob@% reactivity on ambient particledtmos. Meas. Tecl2(1),
231-242.

Bertram, T. H., J. A. Thornton, T. P. Riedel, A. Middlebrook, R. Bahreini, T. S. Bates,
P. K. Quinn, and D. J. Coffman (2009b), Direct glaaBons of NOs reactivity on
ambient aerosol particle§eophys. Res. Let86.

Bian, H. S., and C. S. Zender (2003), Mineral darsd global tropospheric chemistry:
Relative roles of photolysis and heterogeneous keptal. Geophys. Res.-Atmos.,
108(D21).

Bitter, M., S. M. Ball, I. M. Povey, and R. L. Jang005), A broadband cavity ringdown
spectrometer for in-situ measurements of atmosphieace gase#tmos. Chem. Phys.
5(9), 2547-2560.

Bonn, B., and G. K. Moortgat (2002), New particterhation during alpha- and beta-
pinene oxidation by O-3, OH and NOS3, and the infliee of water vapour: particle size
distribution studiesAtmos. Chem. Phy<, 183-196.

Braman, R. S., T. J. Shelley, and W. A. McClenn982), Tungstic acid for pre-
concentration and determination of gaseous andcpkte ammonia and nitric-acid in
ambient air Analytical Chemistry54(3), 358-364.

Brown, R. L. (1978), Tubular flow reactros with stler kinetics Journal of Research
of the National Bureau of Standard@s3(1), 1-8.

Brown, S. S., H. Stark, and A. R. Ravishankara 8200Applicability of the steady state
approximation to the interpretation of atmospherxservations of N@and NOs, J.
Geophys. Res.-Atmp308D17).

Brown, S. S., H. Stark, S. J. Ciciora, R. J. Mclding and A. R. Ravishankara (2002),
Simultaneous in situ detection of atmospheric;Ndd NOs via cavity ring-down
spectroscopyRev. Sci. Instrum73(9), 3291-3301.

- 109 -



Brown, S. S., W. P. Dube, H. D. Osthoff, D. E. VéolW. M. Angevine, and A. R.
Ravishankara (2007a), High resolution vertical rdbstions of NQ and NOs through
the nocturnal boundary layektmos. Chem. Phy<, 139-149.

Brown, S. S., H. Stark, T. B. Ryerson, E. J. Wilig D. K. Nicks, M. Trainer, F. C.
Fehsenfeld, and A. R. Ravishankara (2003b), Nitmogddes in the nocturnal boundary
layer: Simultaneous in situ measurements og,NBQOs, NO,, NO, and Q, J. Geophys.
Res.-Atmos108D9).

Brown, S. S., et al. (2006), Variability in noctafmitrogen oxide processing and its role

in regional air qualityscience311(5757), 67-70.

Brown, S. S., et al. (2009a), Reactive uptake aoeffts for NOs determined from
aircraft measurements during the Second Texas #aliy Study: Comparison to current

model parameterizationd, Geophys. Res.-Atmp$14.

Brown, S. S., et al. (2009b), Nocturnal isopren&atton over the Northeast United
States in summer and its impact on reactive nitrxquggtitioning and secondary organic
aerosol Atmos. Chem. Phy€(9), 3027-3042.

Brown, S. S., et al. (2007b), Vertical profilesNi®; and NOs measured from an aircraft:
Results from the NOAA P-3 and surface platformarduthe New England Air Quality
Study 2004,). Geophys. Res.-Atmp$12D22).

Carmichael, G. R., Y. Zhang, L. L. Chen, M. S. Hoagd H. Ueda (1996), Seasonal
variation of aerosol composition at Cheju Islandyéa,Atmos. Environ.30(13), 2407-
2416.

Chernoff, D. 1., and A. K. Bertram (2010), Effectd sulfate coatings on the ice
nucleation properties of a biological ice nuclend aeveral typs of mineral3, Geophys.
Res.-Atmos115

Chun, Y. S, K. O. Boo, J. Kim, S. U. Park, andlMe (2001), Synopsis, transport, and
physical characteristics of Asian dust in Korda,Geophys. Res.-Atmp4.06D16),
18461-18469.

Claquin, T., M. Schulz, and Y. J. Balkanski (1998)pdeling the mineralogy of
atmospheric dust sourcelk,Geophys. Res.-Atmp$04(D18), 22243-22256.

- 110 -



Cosman, L. M., D. A. Knopf, and A. K. Bertram (2008,0s reactive uptake on
aqueous sulfuric acid solutions coated with bradd&l straight-chain insoluble organic
surfactants). Phys. Chem. A12(11), 2386-2396.

Crowley, J. N., G. Schuster, N. Pouvesle, U. PdkehaH. Fischer, B. Bonn, H.
Bingemer, and J. Lelieveld (2010a), Nocturnal mj&o oxides at a rural mountain-site in
south-western Germangtmos. Chem. Phy4.0(6), 2795-2812.

Crowley, J. N., M. Ammann, R. A. Cox, R. G. Hyn&&, E. Jenkin, A. Mellouki, M. J.
Rossi, J. Troe, and T. J. Wallington (2010b), Eatdd kinetic and photochemical data
for atmospheric chemistry: Volume V - heterogeneoeactions on solid substrates,
Atmos. Chem. Phy4.0(18), 9059-9223.

Crowley, J. N., et al. (2011), Variable lifetimesdaloss mechanisms for N@nd NOs
during the DOMINO campaign: contrasts between nearurban and continental air,
Atmos. Chem. Phys. Discuyskl, 17825-17877.

Curtis, A. R., and W. P. Sweetenham (19&&scimile, AERE, Report R-12805

Cziczo, D. J., K. D. Froyd, S. J. Gallavardin, Codler, S. Benz, H. Saathoff, and D. M.
Murphy (2009), Deactivation of ice nuclei due tamaspherically relevant surface
coatingsEnviron. Res. Lett4(4).

Davidovits, P., J. H. Hu, D. R. Worsnop, M. S. Ziglen, and C. E. Kolb (1995), Entry of

gas molecules into liquidsaraday Discuss.65-81.

Davidovits, P., C. E. Kolb, L. R. Williams, J. Tayhe, and D. R. Worsnop (2006), Mass
accommodation and chemical reactions at gas-liguierfaces,Chem. Rey.1064),
1323-1354.

Davidovits, P., J. T. Jayne, S. X. Duan, D. R. Wops M. S. Zahniser, and C. E. Kolb
(1991), Uptake of gas molecules by liquids-a modlePhys. Chem95(16), 6337-6340.

de Reus, M., H. Fischer, R. Sander, V. Gros, R.nkom, G. Salisbury, R. Van
Dingenen, J. Williams, M. Zollner, and J. Lelievg2005), Observations and model
calculations of trace gas scavenging in a densar8aldust plume during MINATROC,
Atmos. Chem. Phy%, 1787-1803.

-111 -



DeMott, P. J., K. Sassen, M. R. Poellot, D. Baurdgar, D. C. Rogers, S. D. Brooks, A.
J. Prenni, and S. M. Kreidenweis (2003), Africastdaerosols as atmospheric ice nuclei,
Geophys. Res. LetB0(14), 4.

Dentener, F. J., and P. J. Crutzen (1993), Readlid®¥Os on Tropospheric Aerosols -
Impact on the Global Distributions of NOx,30and OH,J. Geophys. Res.-Atmps.
98(D4), 7149-7163.

Dentener, F. J., G. R. Carmichael, Y. Zhang, Jiekeld, and P. J. Crutzen (1996), Role
of mineral aerosol as a reactive surface in thdaldaroposphere]). Geophys. Res.-
Atmos, 101(D17), 22869-22889.

Diesch, J. M., F. Drewnick, S. L. von der WeidensRalller, M. Martinez-Harder, and
S. Borrmann (2011), Variability of Aerosol, Tracessand Metrological Charasteristics
associated with Continental, Urban, and Marine Mpsses in the Southwestern

Mediterranean, edited.

Docherty, K. S., and P. J. Ziemann (2006), Reactiboleic acid particles with N©
radicals: Products, mechanism, and implications réuical-initiated organic aerosol
oxidation,J. Phys. Chem.,A10(10), 3567-3577.

Eastwood, M. L., S. Cremel, C. Gehrke, E. Girardg &. K. Bertram (2008), Ice
nucleation on mineral dust particles: Onset coadgj nucleation rates and contact angles,
J. Geophys. Res.-Atmp$13 9.

Eastwood, M. L., S. Cremel, M. Wheeler, B. J. Myyr&. Girard, and A. K. Bertram
(2009), Effects of sulfuric acid and ammonium stefaoatings on the ice nucleation
properties of kaolinite particle§eophys. Res. LetB6.

Escorcia, E. N., S. J. Sjostedt, and J. P. D. Auld&98), Kinetics of N20O5 Hydrolysis
on Secondary Organic Aerosol and Mixed AmmoniumuBade-Secondary Organic
Aerosol Particles]. Phys. Chem. ,A14(50), 13113-13121.

Escoreia, E. N., S. J. Sjostedt, and J. P. D. AQB&10), Kinetics of N20O5 Hydrolysis
on Secondary Organic Aerosol and Mixed AmmoniumuBade-Secondary Organic
Aerosol Particles]. Phys. Chem.,A1450), 13113-13121.

-112 -



Evans, M. J., and D. J. Jacob (2005), Impact of laeratory studies of XDs hydrolysis
on global model budgets of tropospheric nitrogemes, ozone, and OH;eophys. Res.
Lett., 32(9).

Fahey, D. W., C. S. Eubank, G. Hubler, and F. ChsEafeld (1985), A Calibrated
Source of MOs, Atmos. Environ.19(11), 1883-1890.

Fairlie, T. D., D. J. Jacob, and R. J. Park (2000 impact of transpacific transport of
mineral dust in the United Statégmos. Environ.41(6), 1251-1266.

Fairlie, T. D., D. J. Jacob, J. E. Dibb, B. Alexand\M. A. Avery, A. van Donkelaar, and
L. Zhang (2010), Impact of mineral dust on nitragalfate, and ozone in transpacific
Asian pollution plumesitmos. Chem. Phyd.0(8), 3999-4012.

Falkovich, A. H., G. Schkolnik, E. Ganor, and Y.d#&th (2004), Adsorption of organic
compounds pertinent to urban environments onto maingust particles,). Geophys.
Res.-Atmos109D2).

Fenter, F. F., and M. J. Rossi (1997), Heterogemeaeaction of N@ with ice and
sulfuric acid solutions: Upper limits for the upgalcoefficients,J. Phys. Chem. A
101(22), 4110-4113.

Fenter, F. F., F. Caloz, and M. J. Rossi (1995pdfxmental-Evidence for the Efficient
Dry Deposition of Nitric-Acid on CalcitéiAtmos. Environ.2922), 3365-3372.

Finlayson-Pitts, B. J. (2003), The troposphericnoistry of sea salt: A molecular-level
view of the chemistry of NaCl and NaBthem. Rey10312), 4801-4822.

Finlayson-Pitts, B. J., M. J. Ezell, and J. N. $(t989), Formation of chemically active
chlorine compounds by reactions of atmospheric NaClicles with gaseous,Ns and
CIONO;, Nature 3376204), 241-244.

Folkers, M., T. F. Mentel, and A. Wahner (2003¥Juance of an organic coating on the
reactivity of aqueous aerosols probed by the hgereous hydrolysis of N2O&eophys.
Res. Let.30(12).

Franze, T., M. G. Weller, R. Niessner, and U. Pb&05), Protein nitration by polluted
air, Environ. Sci. Technql39(6), 1673-1678.

-113 -



Frenzel, A., V. Scheer, R. Sikorski, C. George, Béhnke, and C. Zetzsch (1998),
Heterogeneous interconversion reactions of BsNGONO,, Br,, and C}, J. Phys. Chem.
A, 1028), 1329-1337.

Fry, J. L., et al. (2011), SOA from limonene: rab¢ NO3 in its generation and
degradationAtmos. Chem. Phy4.1(8), 3879-3894.

Fuchs, N. A., and A. G. Sutugin (1978ighly dispersed aerosql&nn Arbor Sci., Ann
Arbor.

George, C., J. L. Ponche, P. Mirabel, W. BehnkeSgheer, and C. Zetzsch (1994),
Study of the uptake of D5 by water and NaCl solutiond, Phys. Chem98(35), 8780-
8784.

George, I. J., and J. P. D. Abbatt (2010), Hetemegas oxidation of atmospheric aerosol
particles by gas-phase radicdigt. Chem.2(9), 713-722.

Gershenzon, M. Y., S. llIN, N. G. Fedotov, and Y. Bershenzon (1999), The
mechenism of reative NQuptake on dry NaX (X=Cl, Br)]. Atmos. Chem34, 119-135.

Geyer, A., B. Alicke, S. Konrad, T. Schmitz, J. 3ftand U. Platt (2001), Chemistry and
oxidation capacity of the nitrate radical in thentinental boundary layer near Berlih,
Geophys. Res.-Atmp306D8), 8013-8025.

Ghosh, S. (1993), On the dissusibity of trace gaseter strataspherici conditions,
Atmos. Chem17(4), 391-397.

Ginoux, P., M. Chin, I. Tegen, J. M. Prospero, Blbdé¢n, O. Dubovik, and S. J. Lin
(2001), Sources and distributions of dust aercsiotsilated with the GOCART model,
Geophys. Res.-Atmp$06D17), 20255-20273.

Goodman, A. L., G. M. Underwood, and V. H. Grasg2000), A laboratory study of the
heterogeneous reaction of nitric acid on calciumb@aate particles). Geophys. Res.-
Atmos, 105D23), 29053-29064.

Griffiths, P. T., and R. A. Cox (2009), Temperatdependence of heterogeneous uptake
of N,Os by ammonium sulfate aeroséitmos. Sci. Lett10(3), 159-163.

- 114 -



Griffiths, P. T., C. L. Badger, R. A. Cox, M. Foliee H. H. Henk, and T. F. Mentel
(2009), Reactive Uptake of N5 by Aerosols Containing Dicarboxylic Acids. Effentt
Particle Phase, Composition, and Nitrate Conterehys. Chem. ,A1317), 5082-5090.

Grim, R. E. (1953)Clay mineralogyMcGraw-Hill Book Company, Inc, New York.

Gross, S., and A. K. Bertram (2008), Reactive up@kNQG;, N,Os, NO,, HNO;, and Q
on three types of polycyclic aromatic hydrocarbanfaces,J. Phys. Chem. Al1214),
3104-3113.

Gross, S., and A. K. Bertram (2009), Products andtics of the reactions of an alkane
monolayer and a terminal alkene monolayer with N&8cals,J. Geophys. Res.-Atmps.
114, 14.

Gross, S., R. lannone, S. Xiao, and A. K. Bertrdf00), Reactive uptake studies of NO
and NOs on alkenoic acid, alkanoate, and polyalcohol sabst to probe nighttime
aerosol chemistryPhysical Chemistry Chemical Physidd, 7792-7803.

Gustafsson, R. J., A. Orlov, C. L. Badger, P. Tiff@rs, R. A. Cox, and R. M. Lambert
(2005), A comprehensive evaluation of water uptakeatmospherically relevant mineral
surfaces: DRIFT spectroscopy, thermogravimetric lyama and aerosol growth
measurement®tmos. Chem. Phy®, 3415-3421.

Hallquist, M., D. J. Stewart, J. Baker, and R. AxQ2000), Hydrolysis of pDs on
submicron sulfuric acid aerosols,Phys. Chem. A04(17), 3984-3990.

Hallquist, M., D. J. Stewart, S. K. Stephenson, Bnd. Cox (2003), Hydrolysis of XDs
on sub-micron sulfate aerosoysical Chemistry Chemical Physiéél6), 3453-3463.

Hanisch, F., and J. N. Crowley (2001a), The hetemegus reactivity of gaseous nitric
acid on authentic mineral dust samples, and orvithaial mineral and clay mineral
componentsPhysical Chemistry Chemical PhysiB612), 2474-2482.

Hanisch, F., and J. N. Crowley (2001b), Heterogaeeeactivity of gaseous nitric acid
on Al,O3, CaCQ, and atmospheric dust samples: A Knudsen celystudPhys. Chem. A
105(13), 3096-3106.

Hanisch, F., and J. N. Crowley (2003), Ozone deasitpn on Saharan dust: an
experimental investigatio®jtmos. Chem. Phys3, 119-130.

-115-



Hanson, D. R. (1997), Surface-specific reactiongiquids, J. Phys. Chem. BL01(25),
4998-5001.

Heintz, F., U. Platt, H. Flentje, and R. Dubois 468 Long-term observation of nitrate
radicals at the tor station, Kap Arkona (Rugeh),Geophys. Res.-Atmp4.01(D17),
22891-22910.

Hinds, W. C. (1996)Aerosol techniques: properties, behavior, and messent if

airborne particles John Wiley& Sons. Inc., New York.

Hu, J. H., and J. P. D. Abbatt (1997), Reactionbphilities for NOs hydrolysis on
sulfuric acid and ammonium sulfate aerosols at ragemperature,J. Phys. Chem. A
101(5), 871-878.

lannone, R., S. Xiao, and A. K. Bertram (2011), éhtlly important nighttime
heterogeneous chemistry: NO3 with aldehydes and S\N&@h alcohols, Physical
Chemistry Chemical Physick3(21), 10214-10223.

Imamura, T., Y. Rudich, R. K. Talukdar, R. W. F@and A. R. Ravishankara (1997),
Uptake of NQ on water solutions: Rate coefficients for reactiaf NO; with cloud
water constituents). Phys. Chem.,A01(12), 2316-2322.

IPCC (1995), Climate change 1994: Radiative forcing of climateamge and an
evaluation of the IPCC 1S92 emission scenari@ambridge University Press, Cambridge,
UK.

IUPAC (2009), Subcommitte for gas kinetic data eaibn: (Ammann, M., Atkinson, R.,
Cox, R. A, Crowley, J. N., Hynes, R. G., Jenkin,B, Mellouki, W., Rossi, M. J., Troe,
J., and Wallington, T. J.) Evaluated kinetic ddtip://www.iupac-kinetic.ch.cam.ac.yk/
edited.

Jeong, G. Y. (2008), Bulk and single-particle mategy of Asian dust and a comparison
with its source soils]. Geophys. Res.-Atmp$13D2), 16.

Jickells, T. D., et al. (2005), Global iron connect between desert dust, ocean
biogeochemistry, and climat8cience3085718), 67-71.

Johnston, H. S., H. F. Davis, and Y. T. Lee (1998)3 photolysis product channels:
Quantum vyields from observed energy threshaldBhys. Chem100(12), 4713-4723.

- 116 -



Kane, S. M., F. Caloz, and M. T. Leu (2001), Hegereous uptake of gaseougl by
(NH4)2SOy, NHsHSO,, and HSO, aerosols). Phys. Chem. ,A0526), 6465-6470.

Karagulian, F., and M. J. Rossi (2005), The hetenegus chemical kinetics of N©On
atmospheric mineral dust surrogatelysical Chemistry Chemical Physi@$17), 3150-
3162.

Karagulian, F., and M. J. Rossi (2007), Heterogaraxhemistry of the N£free radical
and NOs on decane flame soot at ambient temperature: Raguotoducts and kineticd,
Phys. Chem. AL11(10), 1914-1926.

Karagulian, F., C. Santschi, and M. J. Rossi (2006 heterogeneous chemical kinetics
of N,Os on CaCQ and other atmospheric mineral dust surrog&aaps. Chem. Phys,
1373-1388.

Kelly, J. T., C. C. Chuang, and A. S. Wexler (2Qdnfluence of dust composition on
cloud droplet formationAtmos. Environ.41(14), 2904-2916.

Kercher, J. P., T. P. Riedel, and J. A. Thornto®0@, Chlorine activation by JXDs:
simultaneous, in situ detection of CINGnd NOs by chemical ionization mass
spectrometryAtmos. Meas. Tecgl2(1), 193-204.

Keyser, L. F. (1984), High-Pressure Flow Kinetics Study of the OH + HCI| Reaction
from 2 to 100 TorrJ). Phys. Chem88(20), 4750-4758.

King, M. D., E. M. Dick, and W. R. Simpson (2008) new method for the atmospheric
detection of the nitrate radical (NDAtmos. Environ.34(5), 685-688.

Klein, H., et al. (2010), Saharan dust and ice eiuaver Central Europétmos. Chem.
Phys, 10(21), 10211-10221.

Knipping, E. M., and D. Dabdub (2003), Impact oflaclne emissions from sea-salt

aerosol on coastal urban ozoReyiron. Sci. Techngl37(2), 275-284.

Knopf, D. A., and T. Koop (2006), Heterogeneous|eation of ice on surrogates of
mineral dust,). Geophys. Res.-Atmp$11(D12), 10.

-117 -



Knopf, D. A., J. Mak, S. Gross, and A. K. Bertra2®Q6), Does atmospheric processing
of saturated hydrocarbon surfaces by;Nénd to volatilization?Geophys. Res. Lett.
33(17), 5.

Koehler, K. A., S. M. Kreidenweis, P. J. DeMott, B. Petters, A. J. Prenni, and C. M.
Carrico (2009), Hygroscopicity and cloud dropletivation of mineral dust aerosol,
Geophys. Res. Let86, 5.

Kolb, C. E., P. Davidovits, J. T. Jayne, Q. Shiddnh R. Worsnop (2002), Kinetics of
trace gas uptake by liquid surfacBspg. React. Kinet. Mech27(1), 1-46.

Kolb, C. E., et al. (1995), Laboratory studies tmhaspheric heterogeneous chemistry, in
Progress and problems in atmospheric chemjsegited by J. R. Barker, World
Scientific, Singapore.

Krueger, B. J., V. H. Grassian, A. Laskin, and .JCBwin (2003), The transformation of
solid atmospheric particles into liquid dropletsroigh heterogeneous chemistry:
Laboratory insights into the processing of calcicontaining mineral dust aerosol in the
troposphereGGeophys. Res. LetBO(3).

Laskin, A., M. J. ledema, A. Ichkovich, E. R. Grale Taraniuk, and Y. Rudich (2005),
Direct observation of completely processed calcitarbonate dust particleBaraday
Discuss, 130, 453-468.

Li, L., Z. M. Chen, Y. H. Zhang, T. Zhu, J. L. Land J. Ding (2006), Kinetics and
mechanism of heterogeneous oxidation of sulfuridey ozone on surface of calcium
carbonateAtmos. Chem. Phy$, 2453-2464.

Li, X., H. Maring, D. Savoie, K. Voss, and J. MoBpero (1996), Dominance of mineral
dust in aerosol light-scattering in the North Atlanirade windsNature 380(6573), 416-
4109.

Liu, Y., E. R. Gibson, J. P. Cain, H. Wang, V. HraGsian, and A. Laskin (2008),
Kinetics of heterogeneous reaction of CaGsrticles with gaseous HN®@ver a wide
range of humidity,). Phys. Chem. A127), 1561-1571.

-118 -



Liu, Y. J., T. Zhu, D. F. Zhao, and Z. F. Zhang{&) Investigation of the hygroscopic
properties of Ca(Ng), and internally mixed Ca(N§/CaCQ particles by micro-Raman
spectrometryAtmos. Chem. Phy€8(23), 7205-7215.

Mahowald, N. M., A. R. Baker, G. Bergametti, N. Bks, R. A. Duce, T. D. Jickells, N.
Kubilay, J. M. Prospero, and I. Tegen (2005), Atpiesic global dust cycle and iron
inputs to the oceargzlob. Biogeochem. Cycl&9(4), doi:10.1029/2004GB002402.

Martin, J. H. (1990), Glacial-interglacial CO/suld 2hange: the iron hypothesis,
Paleoceanographyb(1), 1-13.

Martinez, M., D. Perner, E. M. Hackenthal, S. Kujzand L. Schutz (2000), NCat
Helgoland during the NORDEX campaign in October 8,92 Geophys. Res.-Atmps.
105D18), 22685-22695.

Matsuki, A., et al. (2005), Morphological and cheali modification of mineral dust:
Observational insight into the heterogeneous uptéleidic gases, Geophys. Res. Lett.,
32(22).

Matsumoto, J., N. Kosugi, H. Imai, and Y. Kajii 33), Development of a measurement

system for nitrate radical and dinitrogen pentoxidgng a thermal conversion/laser-

induced fluorescence techniqiRgyv. Sci. Instrum76(6).

McNaughton, C. S., et al. (2009), Observations efefogeneous reactions between
Asian pollution and mineral dust over the Easteanth Pacific during INTEX-BAtmos.
Chem. Phys9(21), 8283-8308.

McNeill, V. F., J. Patterson, G. M. Wolfe, and J. Fhornton (2006), The effect of
varying levels of surfactant on the reactive uptakéN,Os to aqueous aerosoAtmos.
Chem. Phys6, 1635-1644.

Mentel, T. F., M. Sohn, and A. Wahner (1999), Néraffect in the heterogeneous
hydrolysis of dinitrogen pentoxide on aqueous assp$hysical Chemistry Chemical
Physics 1(24), 5451-5457.

Mihelcic, D., D. Klemp, P. Musgen, H. W. Patz, a#d Volzthomas (1993),
Simultaneous Measurements of Peroxy and NitratacBEsdat Schauinsland, Atmos.
Chem, 16(4), 313-335.

-119 -



Mogili, P. K., P. D. Kleiber, M. A. Young, and V..H5rassian (2006), #Ds hydrolysis
on the components of mineral dust and sea saltsaker@€omparison study in an

environmental aerosol reaction chami#mos. Environ.40(38), 7401-7408.

Moise, T., and Y. Rudich (2002), Reactive uptakeoabne by aerosol-associated
unsaturated fatty acids: Kinetics, mechanism, amdycts,J. Phys. Chem. ,AL0G§27),
6469-6476.

Moise, T., R. K. Talukdar, G. J. Frost, R. W. Fard Y. Rudich (2002), Reactive uptake
of NOs by liquid and frozen organic3, Geophys. Res.-Atmp$07(D1-D2).

Mori, 1., M. Nishikawa, T. Tanimura, and H. QuarO@), Change in size distribution
and chemical composition of kosa (Asian dust) adraliring long-range transport,
Atmos. Environ.37(30), 4253-4263.

Mozurkewich, M., and J. G. Calvert (1988), ReactRmobability of NOs on Aqueous
Aerosols,J. Geophys. Res.-Atmp33(D12), 15889-15896.

Navea, J. G., H. H. Chen, M. Huang, G. R. Carmichered V. H. Grassian (2010), A
comparative evaluation of water uptake on severaéral dust sourceg§nviron. Chem.
7,162-170.

Ndour, M., M. Nicolas, B. D'Anna, O. Ka, and C. Gg® (2009), Photoreactivity of NO
on mineral dusts originating from different locaiso of the Sahara deseRhysical
Chemistry Chemical Physick1(9), 1312-13109.

Ndour, M., B. D'Anna, C. George, O. Ka, Y. Balkansk Kleffmann, K. Stemmler, and
M. Ammann (2008), Photoenhanced uptake of,N&h mineral dust: Laboratory
experiments and model simulatio@sophys. Res. Let8Y(5).

Ng, N. L., et al. (2008), Secondary organic aerdS®A) formation from reaction of
isoprene with nitrate radicals (NO&tmos. Chem. Phy$(14), 4117-4140.

Niedermeier, D., et al. (2010), Heterogeneous freeaf droplets with immersed mineral
dust particles — measurements and parameterizatiomps. Chem. Physl((8), 3601-
3614.

-120 -



Okeefe, A., and D. A. G. Deacon (1988), Cavity Ridgwn Optical Spectrometer for
Absorption-Measurements Using Pulsed Laser SouRms, Sci. Instrum59(12), 2544-
2551.

Orlando, J. J., G. S. Tyndall, G. K. Moortgat, ahdG. Calvert (1993), QUANTUM
YIELDS FOR NO3 PHOTOLYSIS BETWEEN 570 AND 635 NM, Phys. Chem.
97(42), 10996-11000.

Osthoff, H. D., et al. (2006), Measurement of atphesic NQ by pulsed cavity ring-
down spectroscopy, Geophys. Res.-Atmp$11(D12).

Osthoff, H. D., et al. (2008), High levels of nitrghloride in the polluted subtropical
marine boundary layeNature Geoscienc¢é(5), 324-328.

Osthoff, H. D., et al. (2009), Regional variatiof the dimethyl sulfide oxidation
mechanism in the summertime marine boundary layé¢ne Gulf of Maine,). Geophys.
Res.-Atmosl114 13.

Pagels, J., A. Wierbicka, E. Nilsson, C. IsaxonPahl, A. Gudmundsson, E. Swietlicki,
and M. Bohgard (2009), Chemical composition and smasission factors of candle
smoke particles]. Aerosol. Scj40, 193-208.

Park, S. C., D. K. Burden, and G. M. Nathanson {200'he inhibition of NOs
hydrolysis in sulfuric acid by 1-butanol and 1-heabsurfactant coatings, Phys. Chem.
A, 111(15), 2921-2929.

Perring, A. E., A. Wisthaler, M. Graus, P. J. Woalde, A. L. Lockwood, L. H. Mielke,
P. B. Shepson, A. Hansel, and R. C. Cohen (2009)oduct study of the isoprene+NO3
reaction, Atmos. Chem. Phy®9(14), 4945-4956.

Platt, U., D. Perner, A. M. Winer, G. W. Harris,dah N. Pitts (1980), Detection of NO
in the Polluted Troposphere by Differential Optiéddsorption,Geophys. Res. Let?(1),
89-92.

Poschl, U., Y. Rudich, and M. Ammann (2007), Kinethodel framework for aerosol
and cloud surface chemistry and gas-phase interaBt@art 1: General equation,
parameters, and terminologdmos. Chem. Phy%, 5989-6023.

-121 -



Pradhan, M., G. Kyriakou, A. T. Archibald, A. C.g2georgiou, M. Kalberer, and R. M.
Lambert (2010a), Heterogeneous uptake of gaseodsodgn peroxide by Gobi and
Saharan dust aerosols: a potential missing sinkHD2 in the tropospheréitmos.
Chem. Phys10(15), 7127-7136.

Pradhan, M., M. Kalberer, P. T. Griffiths, C. FaBan, F. D. Pope, R. A. Cox, and R. M.
Lambert (2010b), Uptake of Gaseous Hydrogen Peeoki Submicrometer Titanium
Dioxide Aerosol as a Function of Relative HumidiEynviron. Sci. Technqgl44(4), 1360-
1365.

Prince, A. P., V. H. Grassian, P. Kleiber, and M. Young (2007), Heterogeneous
conversion of calcite aerosol by nitric acRhysical Chemistry Chemical Physi&b),
622-634.

Prospero, J. M. (1979), Mineral and sea salt aéroscentrations in various ocean
regions,Journal of Geophysical Research-Oceans and Atmosgl8(NC2), 725-731.

Prospero, J. M. (1999), Long-range transport ofardhdust in the global atmosphere:
Impact of African dust on the environment of theitbeastern United State3roc. Natl.
Acad. Sci. U. S. A96(7), 3396-3403.

Prospero, J. M., and P. J. Lamb (2003), Africanughts and dust transport to the
Caribbean: Climate change implicatioBgience3025647), 1024-1027.

Queroal, X., et al. (2009), African dust contributgoto mean ambient PM10 mass-levels
across the Mediterranean Baghimos. Environ.43(28), 4266-4277.

Reid, R. C., J. M. Prausnitz, and B. E. Poling @98he Properties of Gases and
Liquids, McGraw-Hill, Inc. , New York.

Roberts, J. M., H. D. Osthoff, S. S. Brown, and RA. Ravishankara (2008), ,8s
oxidizes chloride to Glin acidic atmospheric aeros@8cience321(5892), 1059-1059.

Roberts, J. M., H. D. Osthoff, S. S. Brown, A. Ravighankara, D. Coffman, P. Quinn,
and T. Bates (2009), Laboratory studies of prodottsl205 uptake on CI- containing
substratesizeophys. Res. LetB6.

Rudich, Y., R. K. Talukdar, and A. R. Ravishank@élr896a), Reactive uptake of NOn
pure water and ionic solutionk, Geophys. Res.-Atmp$01(D15), 21023-21031.

-122 -



Rudich, Y., R. K. Talukdar, T. Imamura, R. W. F@and A. R. Ravishankara (1996b),
Uptake of NQ on KI solutions: Rate coefficient for the M reaction and gas-phase
diffusion coefficients for N@ Chem. Phys. Left261(4-5), 467-473.

Saathoff, H., K. H. Naumann, N. Riemer, S. KammM®hler, U. Schurath, H. Vogel,
and B. Vogel (2001), The loss of NCHNOs;, NOs/N,Os, and HGQ/HOONGO, on soot
aerosol: A chamber and modeling stu@gophys. Res. LetR8(10), 1957-1960.

Salam, A., U. Lohmann, B. Crenna, G. Lesins, P.g& D. Rogers, R. Irani, A.
MacGillivray, and M. Coffin (2006), Ice nucleati@tudies of mineral dust particles with

a new continuous flow diffusion chambg@erosol Sci. Technol((2), 134-143.

Sander, S. P., et al. (2006), Chemical Kinetics Bhdtochemical Data for Use in
Atmospheric Studies. JPL Publications @8ep, Jet Propulsion Lab., Pasadena, CA.

Sassen, K. (2002), Indirect climate forcing over western US from Asian dust storms,
Geophys. Res. Let29(10), 4.

Sassine, M., L. Burel, B. D'Anna, and C. Georgel®0 Kinetics of the tropospheric
formaldehyde loss onto mineral dust and urban sesf@&tmos. Environ.44(40), 5468-
5475.

Schauer, C., R. Niessner, and U. Poschl (2004)|y&isaof nitrated polycyclic aromatic
hydrocarbons by liquid chromatography with fluoessce and mass spectrometry
detection: air particulate matter, soot, and reacpiroduct studieg\nal. Bioanal. Chem.
3783), 725-736.

Schuster, G., I. Labazan, and J. N. Crowley (20B89avity ring down/cavity enhanced
absorption device for measurement of ambieng B@ NOs, Atmos. Meas. Teg2(1),
1-13.

Schutze, M., and H. Herrmann (2005), Uptake ofNig radical on aqueous surfacés,
Atmos. Chem52(1), 1-18.

Schweitzer, F., P. Mirabel, and C. George (1998)ltighase chemistry of XDs, CINO,,
and BrNQ, J. Phys. Chem. A0222), 3942-3952.

Seinfeld, J. H., and S. N. Pandis (199%f@mospheric Chemistry and Physics: From air

pollution to climate changaviley Interscience, New York.

-123 -



Seisel, S., C. Borensen, R. Vogt, and R. Zelln80%2, Kinetics and mechanism of the
uptake of NOs on mineral dust at 298 Kytmos. Chem. Phy$, 3423-3432.

Seisel, S., F. Caloz, F. F. Fenter, H. van den IBeemmd M. J. Rossi (1997), The
heterogeneous reaction of M@ith NaCl and KBr: A nonphotolytic source of haérg
atoms,Geophys. Res. LetR4(22), 2757-2760.

Shi, Q., P. Davidovits, J. T. Jayne, D. R. Worsrag C. E. Kolb (1999), Uptake of gas-
phase ammonia. 1. Uptake by aqueous surfaces wasctioh of pH,J. Phys. Chem. A
103(44), 8812-8823.

Shi, Z., D. Zhang, M. Hayashi, H. Ogata, H. Ji, aNd Fujiie (2008), Influences of
sulfate and nitrate on the hygroscopic behaviowoafrse dust particleAtmos. Environ.
42(4), 822-827.

Shimizu, A., N. Sugimoto, |. Matsui, K. Arao, I. OnT. Murayama, N. Kagawa, K. Aoki,
A. Uchiyama, and A. Yamazaki (2004), Continuouserbations of Asian dust and other
aerosols by polarization lidars in China and Jagyarng ACE-Asia,J. Geophys. Res.-
Atmos, 109D19).

Shon, Z. H., K. H. Kim, K. N. Bower, G. Lee, andKim (2004), Assessment of the
photochemistry of OH and Nn Jeju Island during the Asian-dust-storm peitothe
spring of 2001, Chemosphere, 55(8), 1127-1142.

Simpson, W. R. (2003), Continuous wave cavity rlogvn spectroscopy applied to in
situ detection of dinitrogen pentoxide D), Rev. Sci. Instrum74(7), 3442-3452.

Slusher, D. L., L. G. Huey, D. J. Tanner, F. M.dKe, and J. M. Roberts (2004), A
thermal dissociation-chemical ionization mass spewttry (TD-CIMS) technique for
the simultaneous measurement of peroxyacyl nitraed dinitrogen pentoxide).
Geophys. Res.-Atmp309D19).

Song, C. H., C. M. Kim, Y. J. Lee, G. R. Carmichd&l K. Lee, and D. S. Lee (2007),
An evaluation of reaction probabilities of sulfated nitrate precursors onto East Asian
dust particles). Geophys. Res.-Atmp$12D18).

- 124 -



Stewart, D. J., P. T. Griffiths, and R. A. Cox (2)0Reactive uptake coefficients for
heterogeneous reaction ob®§ with submicron aerosols of NaCl and natural sdg sa
Atmos. Chem. Phys<l, 1381-1388.

Stutz, J., B. Alicke, R. Ackermann, A. Geyer, A. Néhand E. Williams (2004), Vertical
profiles of NQ, N,Os, O;, and NOx in the nocturnal boundary layer: 1. Obsons

during the Texas Air Quality Study 2000 (vol 109 D12306, 2004)J. Geophys.
Res.-Atmos109D16).

Sullivan, R. C., S. A. Guazzotti, D. A. Sodemand &l A. Prather (2007), Direct
observations of the atmospheric processing of Agiareral dustAtmos. Chem. Phy<,
1213-1236.

Sullivan, R. C., M. J. K. Moore, M. D. Petters,\b. Kreidenweis, G. C. Roberts, and K.
A. Prather (2009a), Effect of chemical mixing state the hygroscopicity and cloud
nucleation properties of calcium mineral dust gtet, Atmos. Chem. Phy€9(10), 3303-
3316.

Sullivan, R. C., M. J. K. Moore, M. D. Petters,\b. Kreidenweis, G. C. Roberts, and K.
A. Prather (2009b), Timescale for hygroscopic cosiom of calcite mineral particles
through heterogeneous reaction with nitric aéltlysical Chemistry Chemical Physics
11(36), 7826-7837.

Sullivan, R. C., L. Minambres, P. J. DeMott, ARP¥enni, C. M. Carrico, E. J. T. Levin,
and S. M. Kreidenweis (2010a), Chemical processdaes not always impair

heterogeneous ice nucleation of mineral dust pestiGeophys. Res. LetB7.

Sullivan, R. C., et al. (2010b), Irreversible ladfsice nucleation active sites in mineral
dust particles caused by sulphuric acid condensaiimnos. Chem. Phyd.0(23), 11471-
11487.

Tang, Y., et al. (2004), Impacts of dust on regidanapospheric chemistry during the
ACE-Asia experiment: a model study with observatiadn Geophys. Resl09D19), 21
pp.-21 pp.

Tegen, |, and I. Fung (1994), Modeling of Minekalst in the Atmosphere - Sources,
Transport, and Optical-Thicknesk,Geophys. Res.-Atmp389(D11), 22897-22914.

-125 -



Textor, C., et al. (2006), Analysis and quantificatof the diversities of aerosol life
cycles within AeroComAtmos. Chem. Phy$(7), 1777-1813.

Thomas, K., A. Volz-Thomas, D. Mihelcic, H. G. IJn§ and D. Kley (1998), On the
exchange of N@radicals with aqueous solutions: Solubility andlkshg coefficient,J.
Atmos. Chem29(1), 17-43.

Thornton, J. A., and J. P. D. Abbatt (2005)OhIreaction on submicron sea salt aerosol:
Kinetics, products, and the effect of surface &ctivganics,J. Phys. Chem. ,A0944),
10004-10012.

Thornton, J. A., C. F. Braban, and J. P. D. Ab@03), NOs hydrolysis on sub-micron
organic aerosols: the effect of relative humiditsgrticle phase, and particle sighysical
Chemistry Chemical Physics(20), 4593-4603.

Thornton, J. A., et al. (2010), A large atomic chle source inferred from mid-
continental reactive nitrogen chemistNature 464, 271-174.

Twohy, C. H., et al. (2009), Saharan dust particlesleate droplets in eastern Atlantic
clouds,Geophys. Res. Let86, 6.

Underwood, G. M., P. Li, C. R. Usher, and V. H. ssian (2000), Determining accurate
kinetic parameters of potentially important hetemgous atmospheric reactions on solid
particle surfaces with a Knudsen cell reacloRPhys. Chem.,A04(4), 819-829.

Underwood, G. M., P. Li, H. Al-Abadleh, and V. Hra&Ssian (2001), A Knudsen cell
study of the heterogeneous reactivity of nitricda@n oxide and mineral dust particlds,
Phys. Chem. AL0527), 6609-6620.

Usher, C. R., H. Al-Hosney, S. Carlos-Cuellar, &hd. Grassian (2002), A laboratory
study of the heterogeneous uptake and oxidatiosutfur dioxide on mineral dust
particles,J. Geophys. Res.-Atmp$07(D23).

Vlasenko, A., T. Huthwelker, H. W. GAaggeler, and Mnmann (2009), Kinetics of the
heterogeneous reaction of nitric acid with minetast particles: an aerosol flow tube
study,Physical Chemistry Chemical Physi&4, 7921-7930.

-126 -



Vlasenko, A., S. Sjogren, E. Weingartner, H. W. @dgr, and M. Ammann (2005),
Generation of submicron Arizona test dust aerdSbemical and hygroscopic properties,
Aerosol Sci. TechnoBY(5), 452-460.

Vlasenko, A., S. Sjogren, E. Weingartner, K. SteemnH. W. Gaggeler, and M.
Ammann (2006), Effect of humidity on nitric acidtage to mineral dust aerosol particles,
Atmos. Chem. Phy$, 2147-2160.

von Friedeburg, C., T. Wagner, A. Geyer, N. KaidrVogel, H. Vogel, and U. Platt
(2002), Derivation of tropospheric NOprofiles using off-axis differential optical
absorption spectroscopy measurements during suamgeomparison with simulations,
J. Geophys. Res.-Atmp$07(D13).

Vrekoussis, M., E. Liakakou, N. Mihalopoulos, M. é&kidou, P. J. Crutzen, and J.
Lelieveld (2006), Formation of HNOand NQ in the anthropogenically-influenced
eastern Mediterranean marine boundary lagegphys. Res. LetB3(5).

Wagner, C., G. Schuster, and J. N. Crowley (2088)aerosol flow tube study of the
interaction of NOs with calcite, Arizona dust and quartgmos. Environ.43, 5001-5008.

Wagner, C., F. Hanisch, N. Holmes, H. de Coninck,Séhuster, and J. N. Crowley
(2008), The interaction of #Ds with mineral dust: aerosol flow tube and Knudsesctor
studies Atmos. Chem. Phys$(1), 91-1009.

Wahner, A., T. F. Mentel, M. Sohn, and J. Stier98)9 Heterogeneous reaction ofQ4
on sodium nitrate aerosd, Geophys. Res.-Atmp$03D23), 31103-31112.

Wang, G. H., K. Kawamura, and M. Lee (2009), Cornguoer of organic compositions in
dust storm and normal aerosol samples collecte@asian, Jeju Island, during spring
2005,Atmos. Environ.43(2), 219-227.

Warneke, C., et al. (2004), Comparison of daytimé mighttime oxidation of biogenic
and anthropogenic VOCs along the New England doastmmer during New England
Air Quality Study 2002,). Geophys. Res.-Atmp$09D10).

Williams, J., et al. (2011), The summertime Borkmakst field measurement intensive
(HUMPPA-COPEC-2010): an overview of meteorologi@ld chemical influences,
Atmos. Chem. Phys. Discuyskl(5), 15921-15973.

-127 -



Wood, E. C., T. H. Bertram, P. J. Wooldridge, andCRCohen (2005), Measurements of
N2Os, NO,, and Q east of the San Francisco Baymos. Chem. Phys, 483-491.

Wood, E. C., P. J. Wooldridge, J. H. Freese, T.ré&dht, and R. C. Cohen (2003),
Prototype for in situ detection of atmospheric N@nd NOs via laser-induced
fluorescencekEnviron. Sci. Technql37(24), 5732-5738.

Yokelson, R. J., J. B. Burkholder, R. W. Fox, R.Talukdar, and A. R. Ravishankara
(1994), Temperature-Dependence of the NO3 Absorgigectrum,J. Phys. Chem.
98(50), 13144-13150.

Zelenov, V. V., E. V. Aparina, S. V. Ivashin, and M. Gershenson (2008), Steady-state
uptake of NQ@ on NaBr/NaCl, Nal/NaCl, MgGIl 6H(2)O/NaCl, MgBr2 center dot
6H(2)O/NaCl binary salt coatingRussian Journal of Physical Chemistry 23), 408-
417.

Zhang, Y., Y. Sunwoo, V. Kotamarthi, and G. R. Catmel (1994), Photochemical
Oxidant Processes in the Presence of Dust - anu&vah of the Impact of Dust on
Particulate Nitrate and Ozone Formatidournal of Applied Meteorologyd3(7), 813-
824.

Zhao, Q., et al. (2010), Dust storms come to Ceraral Southwestern China, too:
implications from a major dust event in ChonggiAgnos. Chem. Physl((6), 2615-
2630.

Zhu, S., T. Butler, R. Sander, J. Ma, and M. G. teaawe (2009), Impact of dust on
tropospheric photochemistry over polluted regiansase study of the Beijing megacity,
Atmos. Chem. Phys. Discy$5), 20145-20194.

Zimmermann, F., S. Weinbruch, L. Schutz, H. Hofman Ebert, K. Kandler, and A.
Worringen (2008), Ice nucleation properties of th@st abundant mineral dust phasks,
Geophys. Res.-Atmp$13 11.

-128 -



-129 -



-130 -



Appendices

Al. Uptake of HNO3(g) on Saharan dust

There have been many studies on the heterogen@taleewof HNQ(g) on mineral
dust particles, using surface detection technigqoeseasure the change of compositions
of particlesfGoodman et al.2000;Y Liu et al, 2008] or measuring the decay of HNQ@)
after being exposed to dust surfé€enter et al. 1995;Hanisch and Crowley2001a; b]
Bulk dust samples were used in most of the studnesking it difficult to estimate the
surface area available to the heterogeneous upaakkthe reported uptake coefficients
vary by about four orders of magnitudéJPAC, 2009] The uptake coefficients
measured by using an aerosol flow tllb&asenko et al.2009;Vlasenko et al.2006]is
currently recommended with reservations by IUPAGG@unmittee for Gas Kinetic Data
Evaluation[IUPAC, 2009] Clearly more studies on the uptake of H{f) on mineral
dust particles are required, considering the ingyaré¢ of this reaction in the removal of
HNOs(g) and the formation of particulate nitrate in toarticles.

Heterogeneous reaction of gaseous HN®@ith Saharan dust aerosols was
preliminarily investigated using the new aerosolfltube, and the decay of HNY@as
monitored by CIMS, as described in Chapter 2. Tl oss rate of HNG(Q) in the
aerosol flow tube was determined by measuring ttie mcid concentration at different
injector positions. As shown in Figure Al-1, the Bi\Nwall loss rate was experimentally
measured to be -0.015 and the diffusion-limited wall loss rate is abelutl s":

] (E-A1-1)

2
whereDy is the diffusion coefficient of HN9(0.12 cni s',at room temperature and 1
atm, [Braman et al.1982;Ghosh 1993), andr is the radius of the flow tube (2.05 cm).
The measured wall loss rate of Hil@as much smaller than the diffusion-limited wall
loss rate, probably suggesting that the dusty walé deactivated after exposure to
gaseous HN@during the experiments. The possibility that theasured wall loss was

biased by the adsorption/desorption on Hi¢Pon the tubing between the AFT and the
CIMS could not be ruled out.
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In[HNO3]

Time/ s

Figure Al-1. Measurement of the wall loss rateagepus nitric acid in the aerosol flow tube.

Dispersed Saharan dust particles were introdudedhe aerosol flow tube when the
injector was at 40 cm. The response of the meastid®; concentration to the
introduction of dust aerosol was shown in Figure2ABefore 13:14, the sampled flow
passed through the HNGscrubber and the CIMS background was determinedeto
about 300 cps (equal to about 300 pptv), and tsieument background was quite stable,
as shown in the background measured again aft&813¥hen dust particles were
introduced into the flow tube (starting at arourgl1b), the HNQ concentration started
to decrease correspondingly. After the dust comagah reached O (around 13:27), the
HNO; concentration returned to the initial level. Dygyithe experiment, the maximum
aerosol concentration reached about 6000 partimies and the HN@ signal dropped
from 2200 cps to 1000 cps. The uptake coefficiémaseous HN@on Saharan dust was

preliminarily estimated to be about 0.02.

However, as shown in Figure Al-2, there was a tiatge between the maximum

aerosol number density and the minimum HYp concentration. The adsorbed HNO
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on the sampling tube would desorb into the gas ekdsen aerosol concentration was
increasing. When aerosol concentration was deaggagaseous HNOwould partition
onto the sampling tube. The dynamic adsorption{gem equilibrium of HNQ on the

sampling tube makes it difficult to obtain relialdieetics data using current experimental

setup.
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Figure Al-2. Response of gaseous nitric acid sgtwathe introduction of mineral dust particlese®pike
between 13:24 and 13:25 resulted from the presshaege when the mixing volume was bypassed.

The preliminary result opens the possibility todstihe heterogeneous uptake of
HNOs; on mineral dust particle. Future improvement isgemerate dust aerosol with
stable output by atomizing dust suspensiBnafihan et al. 2010a;Pradhan et al.
2010b]. Keeping dust aerosol concentration stabik enable HNQ(g) to reach
adsorption-desorption equilibrium at each injegtositions. Therefore, the steady-state
HNO; concentrations at different injector positions banmeasured with and without the
presence of dust aerosols in the flow tube to éettie uptake coefficients. In this case,
the inner wall of the flow tube can be coated viitért films (e.g. FEP) to minimize the

loss of HNQ(g) on the wall.

-133 -



A2. Estimation of nitrate formed in the mixing volume

The total flow in the aerosol flow tube was 3 Slile aerosol number concentration
in the aerosol flow tube is assumed to be 10,00fcpes cm®, and the surface area of
each particle (after being corrected for nonspitgjits 7.79x1¢ cnf. The flow through
the mixing volume consisted of the flow coming frome RBG (800 sccm) and the flow
used to elute HN®(20 or 100 sccm). The volume of the mixing voluimet874 cr,
resulting a residence time of about 5.5 min. Sdvaethods were used to estimate the
amount of nitrate formed on the dust particles thu¢he exposure to HN{Qy) in the

mixing volume:
Method 1:

If it is assumed that all the HN(®) delivered into the mixing volume reacted with
dust particles, the formed nitrate on each dusgigiawould be 1.81x18" g, 11.2 times
of the mass of the fresh dust particle (1.61¥1g), when 20 sccm Nwas used to elute
HNOs; when 100 sccm Nwas used to elute HNOthen the mass of the formed nitrate
on each dust particle would be 56.2 times of thesmd each fresh dust particle. Such a
great mass increase should lead to a great chdrtlge aerodynamic diameter. However,
the APS measurement suggests no significant chaintiee aerodynamic diameter after

the dust particles were exposed to H{{) in the mixing volume.
Method 2:
The uptake coefficient of HNOon Arizona test dust can be parameterized in the

following expressionlUPAC, 2009;Viasenko et al.2009;VIasenko et a).2006}

S A (E-A2-1)

YATD as YLH

Vin = ks[Y]s@sTdes (E-A2'2)

(1+KLangC[HN03])

whereas, the accommodation coefficient, is[Y]sis 6.5x10° at RH=0% ks is 4x10"
cn? moleculé® %, zgesis 0.1 S,Kiangc is 2.25x1032 cn?® moleculé', and [HNQ] is the
HNOs concentration in molecules €maccording to the recommendation of IUPAC at
298 K[IUPAC, 2009] Arizona test dust is less reactive than Sahanabhtdwards HNQ)

for example, the initial uptake coefficient of HhN®as been determined to be 0.11+0.03
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on Saharan dust and 0.06+0.015 on Arizona test [tHestisch and Crowley2001b],
showing that the reactivity of Saharan dust is aldaice of that of Arizona test dust
towards HNQ. Therefore, (E5-3) and (E5-4) are used in thidpto calculate the uptake
coefficient of HNO3 on ATD,yatp, Which multiplied by a factor of 2 (to take into
account the different reactivity) equals the uptedefficient on Saharan duggp, i.e.

2
31.77+6.92x10711[HNO;]

(E-A2-3)

Ysp = 2Yarp =

According to (E5-5), the uptake coefficient of HNOn Saharan dust particles in the
mixing volume was 4.5xIDwhen 20 sccm Nwas used to elute HNCand 9.9x10
when 100 sccm Nwas used. Neglecting the loss of HN@n the wall of the mixing
volume, 408 monolayers of nitrate was formed whes@&m N was used to elute HNO
and 414 monolayers of nitrate was formed when 1@fnsN, was used. It is very
unlikely that increasing the formed nitrate from840 414 monolayers (the increase is

almost negligible) will lead to the decrease/@,0s) by a factor of larger than 3.
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A3. Chemicals and materialsused in thiswor k

Chemicals

Chemical

Purity Source

Comments

Saharan dust

Cape Verde Islands

Provided by

Laurent Gomes

ATD Nominal 5-10 microns Powder Technology
Inc., MN, US
lllite Source Clay Minerals
Repository
Quartz Reference material, Nr. Community Bureau of
66 Reference
Pure NQ >99.5% Sigma-Aldrich
HNO; solution 65% Carl Roth GmbH,
Karlsruhe
CaCQ 10 microns powder, Sigma-Aldrich
98%
Palmitic acid >99% Sigma-Aldrich
N, >99.999% Westfalan
Materials
Material Type Source Comments
Tubing PFA AP-230 Swagelok
Fitting PFA-420-1-2 Swagelok
FEP 9568 55.70% suspension in DuPont
water
PFA 7224 59.10% suspension in DuPont

water
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A4. Codes of FACSIMILE smulations used in thiswork

In this study FASCIMILE[Curtis and Sweetenhar987]was used to simulate the
chemical reaction in different reactors, and thdesoof the programs are listed here

together with brief introduction to the programs.

A4.1 Oxidation of NO, by O3 in the photochemical reactor

* Photochemical reactor ;

* ===VAVIABLES CONSIDERED = ;

VARIABLE NO2 ;

VARIABLE O3 ;

VARIABLE NO3 ;

VARIABLE N205 ;

*===========TQO DEFINE TEMPERATURE AND PRESSURE===—===z;

PARAMETER P 750 ;

PARAMETER T 298 ;

* TO CALCULATE NO2+NO3=N205 RATES=======z;

PARAMETER M ; Total molecule density

PARAMETER kL ; Low-pressure-limit rate constant: NO2+NO3€NR2
PARAMETER kH ; High-pressure-limit rate constant: NO2+NO2€)b
PARAMETER Keq ; Equilibrium constant of NO2+NO3-N205
PARAMETER k1 ; Rate constant of NO2+0O3 = NO3 + 02
PARAMETER k2 ; Rate constant of NO2+NO3 = N205
PARAMETER k3 ; Rate constant of N205 = NO2+NO3

COMPILE GENERAL ;

kl = 3.5e-17 ; To set the rate constant of NO2+=0803 + O2
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M = (p/(8.314*T)) * (101300/760) * (6.022E23/1E6) ; To convert pressure into molecules cm-3
kL = (2.0e-30) * ((T/300)@(-4.4)) ; To calculate low-pressure-limit rate constant:

kH = (1.4e-12) * ((T/300)@(-0.7)) ; To calculate high-pressure-limit rate constant:

k2 = (KL*M/(1+(KL*M/KkH)))

*0.6@((1+(LOG10(KL*M/KH))@2)@(-1)) ; To calculate the rate constant

Keq = (2.7e-27) * exp(11000/T) ; To calculate the equilibrium constant

k3 = K2/keq ; To calculate the rate constaftia©5=NO2+NO3
*% .

* ==TO GIVE INITIAL VALUES ==;

COMPILE INITIAL

NO2 =2.25E13 ;
03 =2.50E15 ;
NO3 =0.00E13 ;

N205 = 0.00E13

*%

* ==TO SET CHEMISTRY

COMPILE EQUATIONS
%kl :NO2+03 =NO3

% k2 % k3 : NO2 + NO3 = N205 ;

*%

* ===TO OUTPUT THE RESULTS== ==
compile instant

open 7 '"reactor.sim" new

*%
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COMPILE BLOCK 3
PSTREAM 3

*%*

compile header

write 1=7, ".dataset"
write 1=7, ".data" %

*%*

PSTREAM 37 10

time NO2 O3 NO3 N205
*%*

when

1) time = 0 call header
2) time = 1.0E-8 + 10*165% call block 3
*%

*hmax 0.001

BEGIN

STOP
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A4.2 Effects on y(N2Os) of the reformation of N,Os and heterogeneous removal of

NOsin the aerosol flow tube

* Interference on N205 uptake in theTAE========;

VARIABLE N205 2.5E12 ;

VARIABLE NO3 2.7E11 ;

VARIABLE NO2 2.7E11 ;

* TO DEFIEN PARAMETERS -
PARAMETER k1 1.9E-12 ; JPL

PARAMETER k2 6.9E-2 ; JPL

PARAMETER kwN205 ;

PARAMETER kdN205 ;

PARAMETER kwNO3 ;

PARAMETER kdNO3 ;

PARAMETER ndust 10000 assuming 10,000 dust particles
PARAMETER sdust 4.8E-8 ;

PARAMETER cN205 24100 ;

PARAMETER gammaN205 0.02 ;

PARAMETER DN205 0.085 ;

PARAMETER cNO3 31900 ;

PARAMETER gammaNO3 0.10 s gy(NO3)=0.1

PARAMETER DNO3 0.105 ;

COMPILE GENERAL ;
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kwN205 = 0.05 ;
kdN205 = 0.25*ndust*sdust*cN205*gammaN205 ;
kwNO3 = 3.66*DNO3/4 ;

kdNO3 = 0.25*ndust*sdust*cNO3*gammaNO3 ;

*%

* TO SET CHEMISTRY=

COMPILE EQUATIONS ;

% k1 % k2 : NO2 + NO3 = N205 ;

% kwN205 : N205 = ;

% kdN205 : N205 = ;

% kwNO3 : NO3 = X

% kdNO3 : NO3 = ;

*%

* =TO OUTPUT THE RESULTS

compile instant ;
open7 "AFT.sim" new ;
ok

COMPILE BLOCK 3 ;
PSTREAM 3 ;

*%

compile header ;

write 1=7, ".dataset ;

write 1=7, ".data" % ;

**
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PSTREAM 3 7 10 ;

time N205 NO3 NO2 ;

ok

when

1) time =0 call header ;
2) time = 0.001 + 0.1*300% call block 3

ok

*hmax 0.001 ;
BEGIN ;

STOP ;
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A4.3 Simulating the response of N,Os to theintroduction of dust aer osol

*.

VARIABLE N205

VARIABLE NO3

VARIABLE NO2

PARAMETER

PARAMETER

PARAMETER

PARAMETER

PARAMETER

PARAMETER kdNO3

PARAMETER ndust

PARAMETER sdust

PARAMETER cN205

PARAMETER gammaN205 0.02

k1

k2

kwN205

kdN205

kwNO3

2.5E12

2.7E11

2.7E11

1.9E-12

6.9E-2

10000

4.8E-8

24100

Interference on N205 uptake in theTAfE========;

TO DEFIEN PARAMETERS ;

; This number can be varied by another program

PARAMETER DN205 0.085 ;

PARAMETER cNO3 31900 ;

PARAMETER gammaNO3 0.018 from RR study
PARAMETER DNO3 0.105 ;

*===========TO CALCULATE RATE CONSTANTS===========—

COMPILE GENERAL

kwN205 = 0.05
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kdN205 = 0.25*ndust*sdust*cN205*gammaN205
kwNO3 = 3.66*DNO3/4 ;

kdNO3 = 0.25*ndust*sdust*cNO3*gammaNO3

*%

* TO SET CHEMISTRY=
COMPILE EQUATIONS ;
% k1 % k2 : NO2 + NO3 = N205 ;

% kwN205 : N205 = ;
% kdN205 : N205 = ;
% kwNO3 :NO3 = ;

% kdNO3 :NO3 = ;

*%

* =TO OUTPUT THE RESULTS

compile instant ;
open7 "AFT.sim" new ;
-

COMPILE BLOCK 3 ;
PSTREAM 3 ;
ok

compile header ;
write 1=7, ".dataset" :
write 1=7, ".data" % ;
ok

PSTREAM 37 10 ;
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time N205 NO3 NO2

*%

when

1) time = 0 call header

2) time = 0.001 + 0.1*300% call block 3
*%

*hmax 0.001

BEGIN

STOP
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A5. Chemical formulae and structures of main minerals contained by
dust particles

Most of the data presented here come from two erdatabases: Mineralogy database
(http://www.webmineral.con)/ and U. S. Geological Survey Open-File Report081-

(http://pubs.usgs.gov/of/2001/0f01-0%1/Minerals are alphabetically listed in this
appendix.

Mineral Chemical formula Structure

Calcite CaCQ

(Mg, Fe)l(Si,Al) 4010
OH)(Mg,Fe)(OH)s

Chlorite

Dolomite CaMg(CQ),

KAISi3Og,
Feldspar NaAlSizOg,

or C&Aleles
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STRUCTURE OF ILLITEMICA

Gypsum CaS®2H0
FeOs
Hematite
) (K,H30)(Al,Mg,Fe)
Illite

(Si,Al)4010[(OH)2,(
H,0)]

- 147 -




STREUCTURE UI A KADL ]hrl'L LAYER

Kaolinite AlSi,Os(OH),
STRUCTURE OF
MONTMORILLONITE
Montmorillo i,01(OH)»N(H0)
nite
EXCHANGEABLE CATIONS
H,0
SiO,
Quartz
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A6. Publications and projects/campaigns during the PhD study

A6.1 Publications

Laboratory studies:

[1] Tang, M. J., Thieser, J., Schuster, G., and Crowley, J. Ntakkof NQ and NOs to
Saharan dust, ambient urban aerosol and sootativeetate studyAtmos. Chem. Phys.
10, 2965-2974, 2010.

[2] Tang, M. J., Thieser, J., Schuster, G., and Crowley, J. NneKcs and mechanism of

the heterogeneous reaction ofy with mineral dust particle& preparation

Field campaigns:

[3] Williams, J., Crowley, J., Fischer, H., Hardet,, Martinez, M., Petdja, T., Rinne, J.,
Back, J., Boy, M., Dal Maso, M., Hakala, J., Kajdt, Keronen, P., Rantala, P., Aalto, J.,
Aaltonen, H., Paatero, J., Vesala, T., Hakola, l¢yula, J., Pohja, T., Herrmann, F.,
Auld, J., Mesarchaki, E., Song, W., Yassaa, N.shl@r, A., Johnson, A. M., Custer, T.,
Sinha, V., Thieser, J., Pouvesle, N., TaraborlljTang, M. J., Bozem, H., Hosaynali-
Beygi, Z., Axinte, R., Oswald, R., Novelli, A, Kigtin, D., Hens, K., Javed, U., Trawny,
K., Breitenberger, C., Hidalgo, P. J., Ebben, CG&iger, F. M., Corrigan, A. L., Russell,
L. M., Ouwersloot, H., Vila-Guerau de Arellano, Ganzeveld, L., Vogel, A., Beck, M.,
Bayerle, A., Kampf, C. J., Bertelmann, M., Kollnét,, Hoffmann, T., Valverde, J.,
Gonzalez, D., Riekkola, M. L., Kulmala, M., and iesteld, J.: The summertime Boreal
forest field measurement intensive (HUMPPA-COPEC&@O an overview of
meteorological and chemical influencédémos. Chem. Phys. Discuskl, 15921-15973,
10.5194/acpd-11-15921-2011, 2011.

[4] Crowley, J. N., Thieser, Jl.ang, M. J., Schuster, G., Bozem, H., Hosaynali-Beydgi,
Z., Fischer, H., Diesch, J., Drewnick, F., BorrmaBn Song, W., Yassaa, N., Williams,
J., Poehler, D., Platt, U., and Lelieveld, J.: ¥hle lifetimes and loss mechanisms for
NOsz; and NOs during the DOMINO campaign: contrasts between nearurban and
continental airAtmos. Chem. Phys. Discuskl, 17825-17877, 2011.
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[5] Thieser J. et al.,: Measurement of N@ertical profiles during the DOMINO

campaignijn preparation

[6] Rinne, J., Markkanen, T., Ruuskanen, T. M. aRetT.,Tang, M. J., Crowley, J. N.,
Vesala, T.: Effect of chemical degradation on flixé reactive compounds — a stochastic

Lagrangian model studyo be submitted

In addition, at least three papers on the measursn@arried out during the PARADE

campaign will be published in future.

A6.2 Projects/campaigns

[1] CNRS-DFG bilateral project: Interaction of teagases with mineral dust: Impact on

atmospheric photochemical cycles and dust proertie

[2] DOMINO campaign:Diel Oxidant Mechanismsin relation toNitrogen Oxides,
November 21-December 08, 2008, Spain

[3] HUMPPA campaignHyytidla United M easurements d?thotochemistry an@articles
in Air, July 12-Auguest 11, 2010, Finland

[4] PARADE campaign:PArticles andRAdicals: Diel observations of the impact of

urban and biogeniEmissions, August 08-September 09, 2011, Germany
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Publications

[9] Thieser J.Tang, M. J., Schuster, G., Crowley, J. N., Lelieveld, J., R&hD., Platt, U., and
Ganzevelt, L.: Vertical gradients in N@nixing ratios and lifetimes during DOMINO, in
preparation

[8] Tang, M. J., Thieser, J., Schuster, G., and Crowley, J. NneKcs and mechanism of the
heterogeneous reaction of®§ with mineral dust particles, to be submitted

[7] Rinne, J., Markkanen, T., Ruuskanen, T. M. 8RetT.,Tang, M. J., Crowley, J. N., Vesala,
T.: Effect of chemical degradation on fluxes ofatege compounds: a stochastic Lagrangian
model studyAtmos. Chem. Phys. Discuss.,, 11, 31819-31849, 2011

[6] Crowley, J. N., Thieser, JTang, M. J., Schuster, G., Bozem, H., Hosaynali Beyqgi, Z.,
2
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Fischer, H., Diesch, J., Drewnick, F., Borrmann, Song, W., Yassaa, N., Williams, J.,
Pohler, D., Platt, U., and Lelieveld, J.: Variabfetimes and loss mechanisms for Nénd
N2Os during the DOMINO campaign: contrasts between negrurban and continental air,
Atmos. Chem. Phys,, 11, 10853-10870, 2011

[5] Williams, J., Crowley, J., Fischer, H., Harder, Martinez, M., Petgja, T., Rinne, J., Back, J.,
Boy, M., Dal Maso, M., Hakala, J., Kajos, M., Keem P., Rantala, P., Aalto, J., Aaltonen,
H., Paatero, J., Vesala, T., Hakola, H., Levula, Rbhja, T., Herrmann, F., Auld, J.,
Mesarchaki, E., Song, W., Yassaa, N., NélscherJdhnson, A. M., Custer, T., Sinha, V.,
Thieser, J., Pouvesle, N., Taraborrelli, Dang, M. J., Bozem, H., Hosaynali-Beygi, Z.,
Axinte, R., Oswald, R., Novelli, A., Kubistin, DHens, K., Javed, U., Trawny, K.,
Breitenberger, C., Hidalgo, P. J., Ebben, C. Jig&gF. M., Corrigan, A. L., Russell, L. M.,
Ouwersloot, H., Vila-Guerau de Arellano, J., GareteyL., Vogel, A., Beck, M., Bayerle, A.,
Kampf, C. J., Bertelmann, M., Kéllner, F., Hoffmanm., Valverde, J., Gonzalez, D.,
Riekkola, M. L., Kulmala, M., and Lelieveld, J.: @hsummertime Boreal forest field
measurement intensive (HUMPPA-COPEC-2010): an aservof meteorological and
chemical influencesAtmos. Chem. Phys,, 11, 10599-10618, 2011.

[4] Tang, M.J., Li, M.Q., and Zhu, T.: Heterogeneous reactiongasfeous methanesulfonic acid
with calcium carbonate and kaolinite particl8g, China-Chem., 53, 2657-2662, 2010.

[3] Tang, M.J., Thieser, J., Schuster, G., and Crowley, J.N.akpbf NQ and NOs to Saharan
dust, ambient urban aerosol and soot: a relatite study, Atmos. Chem. Phys., 10,
2965-2974, 2010.

[2] Tang, M.J., and Zhu, T.: Heterogeneous reactions of gaseaihamesulfonic acid with
NaCl and sea salt particléi. China Ser. B-Chem., 52, 93-100, 2009.

[1] Tang, M.J., Xu, Z.X., Zuo, Q., Huang, M.H., Zhang, G., Tao, Bultimedia fate modeling
of PAHs in Guangdong, Hong Kong, and Mackoology and Environment, 15, 670-673,
2006(in Chinese)
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[1] Tang, M.J., Thieser, J. Schuster, G., and Crowley, JHNtterogeneous interaction of NOs

and N>,Os with mineral dust: Aerosol Flow Tube and Relative Rate studies. 21st International

Symposium on Gas KineticsLeuven, Belgium, July, 2010.

Conference posters

[1] Tang, M.J., Thieser, J. Pouvesle, N., Schuster, G., and @wwl.N.: Heterogeneous
interaction of N,Os with mineral dust. European Geosciences Union General Assembly 2011

Vienna, Austria, April, 2011.

Current research projects

[1] Heterogeneous interaction of NON,Os, and HNQ with mineral dust aerosols
Instruments: aerosol flow tube, Cavity Ring-Doweaposcopy, Chemical lonization Mass Spectroscopy
[2] Field measurements of N@nd NOs in the atmosphere
(1) DOMINO: Diel OxidantM echanismsn relation toNitrogenOxides, November 21-December 08, 2008,
Spain
(2) HUMPPA: Hyytidla United M easurements d?hotochemistry andParticles inAir, July 12-Auguest 11,
2010, Finland
(3) PARADE: PArticles andRAdicals: Diel observations of the impact of urban and biogétmissions,
August 08-September 09, 2011, Germany
[3] Development of an N©reactivity measurement apparatus to measurefttgrie of NG in

the atmosphere



