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Abstract

Abstract

lodine chemistry plays an important role in theptrsspheric ozone depletion and the
new particle formation in the Marine Boundary Lay®BL). The sources, reaction
pathways, and the sinks of iodine are investigatgidg lab experiments and field
observations. The aims of this work are, firstly,develop analytical methods for
iodine measurements of marine aerosol samplesiafipdor iodine speciation in the
soluble iodine; secondly, to apply the analyticatinods in field collected aerosol
samples, and to estimate the characteristics okakiodine in the MBL.

Inductively Coupled Plasma — Mass Spectrometry M3 was the technique used
for iodine measurements. Offline methods using watextraction and
Tetra-methyl-ammonium-hydroxide (TMAH) extractiorere applied to measure total
soluble iodine (TSI) and total insoluble iodine IfTin the marine aerosol samples.
External standard calibration and isotope diluaoalysis (IDA) were both conducted
for iodine quantification and the limits of detexrti(LODs) were both 0.jig L™ for
TSl and Tl measurements. Online couplings of Itmdtnatography (IC)-ICP-MS and
Gel electrophoresis (GE)-ICP-MS were both develdipedoluble iodine speciation.
Anion exchange columns were adopted for IC-ICP-MS&ens. lodide, iodate, and
unknown signal(s) were observed in these methodiédé and iodate were separated
successfully and the LODs were 0.1 and @5L ", respectively. Unknown signals
were soluble organic iodine species (SOI) and diiedhtby the calibration curve of
iodide, but not clearly identified and quantifieetyThese analytical methods were all
applied to the iodine measurements of marine aksasaples from the worldwide filed
campaigns.

The TSI and TII concentrations (medians) in 2Mere found to be 240.87 pmolim
and 105.37 pmol that Mace Head, west coast of Ireland, as well &l10lpmol n?

and 97.88 pmol Min the cruise campaign over the North Atlantic @teduring June

— July 2006. Inorganic iodine, namely iodide andbie, was the minor iodine fraction
in both campaigns, accounting for 7.3% (median)@8&o (median) in PWs iodine at
Mace Head and over the North Atlantic Ocean, reaspdy. lodide concentrations
were higher than iodate in most of the sampleghéncontrast, more than 90% of TSI
was SOI and the SOI concentration was correlatgdifsiantly with the iodide
concentration. The correlation coefficient§Y®Rere both higher than 0.5 at Mace Head
and in the first leg of the cruise. Size fracti@thherosol samples collected by 5 stage
Berner impactor cascade sampler showed similargptiops of inorganic and organic
iodine. Significant correlations were obtainedhe particle size ranges of 0.25 — 0.71
um and 0.71 — 2.am between SOI and iodide, and better correlatioaseviound in
sunny days. TSI and iodide existed mainly in figetiole size range (< 2,0m) and
iodate resided in coarse range (2.0 wii). Aerosol iodine was suggested to be related
to the primary iodine release in the tidal zonetuxa meteorological conditions such
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as solar radiation, raining etc were observed t@ lfluence on the aerosol iodine.

During the ship campaign over the North Atlantice@c (January — February 2007),
the TSI concentrations (medians) ranged 35.14 636pmol nmamong the 5 stages.
Likewise, SOI was found to be the most abundanh®ftaction in TSI with a median
of 98.6%. Significant correlation also presentetiveen SOI and iodide in the size
range of 2.0 — 5.9um. Higher iodate concentration was again foundhia higher
particle size range, similar to that at Mace Heidnass transport from the biogenic
bloom region and the Antarctic ice front sector whserved to play an important role
in aerosol iodine enhancement.

The TSI concentrations observed along the 30,00k cruise round trip from East
Asia to Antarctica during November 2005 — March @&re much lower than in the
other campaigns, with a median of 6.51 pm&l rpproximately 70% of the TSI was
SOl on average. The abundances of inorganic iadeieding iodine and iodide were
less than 30% of TSI. The median value of iodids &9 pmol i, which was more
than four fold higher than that of iodate (medi@r28 pmol nT). Spatial variation
indicated highest aerosol iodine appearing in tlopical area. lodine level was
considerably lower in coastal Antarctica with th&lTmedian of 3.22 pmol th
However, airmass transport from the ice front sest@s correlated with the enhance
TSI level, suggesting the unrevealed source oh@dhn the polar region. In addition,
significant correlation between SOI and iodide &Bs® shown in this campaign.

A global distribution in aerosol was shown in thedd campaigns in this work. SOl was
verified globally ubiquitous due to the presencéhia different sampling locations and
its high proportion in TSI in the marine aerosdibe correlations between SOI and
iodide were obtained not only in different locasohut also in different seasons,
implying the possible mechanism of iodide produttibrough SOI decomposition.
Nevertheless, future studies are needed for impgothe current understanding of
iodine chemistry in the MBL (e.g. SOI identificati@and quantification as well as the
update modeling involving organic matters).
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1. Introduction

1. Introduction

The significance of iodine chemistry in the Maripeundary layer (MBL) has been
highlighted by many studies (Davis et al., 1996gtyd 999; O'Dowd et al., 2002b;
Carpenter, 2003; O'Dowd and Hoffmann, 2005). Maorganisms such as macroalgae
and microalgae are thought to be the main sourcgot#tile iodine compounds
(Carpenter, 2003; McFiggans et al., 2004; O'Dowal ldaffmann, 2005). The ensuing
photochemical iodine reactions provide significampacts in the MBL atmosphere; in
particular, tropospheric ozone depletion and nestigd@ formation (Davis et al., 1996;
O'Dowd et al., 2002b). However, the mechanismsthadtycle of iodine in the MBL
are still not fully understood and thus more resieas necessary.

1.1 Sourceof lodinein the MBL

The exchange of iodine between atmosphere, ocehlawad were initially suggested in
the late 1950’s (Bolin, 1959). Interest on atmosghedine chemistry then followed
with the observation of iodine species in the dassp and aerosol phase in the marine
environment (Duce et al., 1965; Winchest and Du6é,/; Moyers et al., 1970). Early
laboratory studies indicated that iodine emissiese from the ocean (Miyake and
Tsunogai, 1963) and that organically bound iodimebpbly accounted for iodine
enrichment in the particles (Seto and Duce, 19Thgse early results gave the first
evidence that iodine was strongly related to oceanurces.

1.1.1 Volatile Organic lodine

To date natural sources are regarded as the donmaaime sources on the global scale
rather than anthropogenic source (Carpenter, 2008tile halogen species such as |
CHgsl, CHal,, CHCII, C3H/I, and CHIBr etc are thought to be precursors for iodine
atmospheric reactions, which are emitted to theogprnere and trigger iodine cycling
in the atmosphere (Carpenter, 2003). Marine orgahisncluding macroalgae
(seaweeds) and microalgae (phytoplankton) are tie sources of these compounds,
though the exact mechanisms of synthesis and estgasstill unclear (Lovelock, 1975;
Vogt et al., 1999; Laturnus et al., 2000; Kuppeaalet2002; Moore, 2003; Kupper et al.,
2008). The mechanism for production of monohalogeoampounds involves a halide
ion methyl transferase enzyme (Wever et al., 198ttdng evidence is also shown that
abiological production of CHirelated to photolytic processes or Fe-catalyagides
(Moore and Zafiriou, 1994; Richter and Wallace, £20@/illiams et al., 2007). Ch
was monitored as the main form of organic iodideage (Collen et al., 1994; Mtolera
et al., 1996; Carpenter et al., 2000). Di- or trdlogenated hydrocarbon production
involves haloperoxidase enzyme, present in a wahge of terrestrial and marine

1
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organisms (Wever et al., 1991). Halo-peroxidaséslyze the oxidation of halides by
hydrogen peroxide, which is released as part omabicell metabolism and during
defense reactions (Kupper et al., 2002). The rnesultreactive electrophilic
halogenating species can react with available ecgaaterial within the cell apolast
via the iodoform reaction to form volatile organtbgens that are released to the
surrounding seawater or air (Theiler et al., 19%8)deling work on elucidicating the
location of CHI, found that CHI, was emitted not only from the tidal zone but also
from the further offshore (Carpenter et al., 200@)ich suggested that macroalgae are
not the only source of halocarbons due to its énhitlistribution in the inshore area.
CHqyl, relating to the temperate microalgal productiomenagbserved from shipboard
measurement (Klick and Abrahamsson, 1992; MooreTakdrczyk, 1993; Schall and
Heumann, 1993). Polar microalgae have been four toapable of §Hsl, CHLICI,
CHal,, CHgl production (Moore et al., 1996).
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£ 025 §
5 © &
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Figure 1- 1 Organohalogen mixing ratios and tigaght at Mace Head, Ireland.(Carpenter et al., 1999

\olatile halocarbons in coastal sites are antielated with the tidal height (Carpenter
et al., 1999). This is consistent to the findingttmacroalgae is the main source of
iodocarbons due to more exposure of seaweed abtst with low tide. However, the
relative contribution of macroalgae and microalgaee not clear yet, given
uncertainties of in emission rates and algal bi@n@Sarpenter, 2003). Volatile
iodocarbons are present globally and have beemadabén different coastal areas,
open ocean as well as the polar regions (SchalHeawmann, 1993; Yokouchi et al.,
1997, Bassford et al., 1999; Carpenter et al., 1889penter et al., 2000; Carpenter and
Lewis, 2002; Carpenter, 2003; Carpenter et al.32Wlliams et al., 2007).

1.1.2 Elemental lodine

Elemental iodine ¢) has been suggested as the main precursor for pagticle
formation at Mace Head, rather than volatile iodboas (McFiggans et al., 2004;
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Saiz-Lopez and Plane, 2004; McFiggans, 2005). ©hecse of $ was also found to be
macroalgae species such as Laminaria sp. durirtaoxe stress (Palmer et al., 2005).
In chamber experiment conducted in Mace Head, @alircorrelation was found
between 4 concentrations and biomass and between partiakeecdration and-l
concentrations (O'Dowd and Hoffmann, 2005). The fialues derived from the
chamber experiments were in excellent agreememt fin@ direct measurement of new
particle flux using eddy covariance techniques r{&tman et al., 2005). Molecular
iodine concentrations were measured at Mace Heddhearby hot spots by different
techniques (Saiz-Lopez and Plane, 2004; Chen, Z&€legri et al., 2005; Saiz-Lopez
et al., 2006a)..lconcentration showed a diurnal variation with maxmn level of 93
pptv at night and 25 ppt during daytime (Saiz-Logem Plane, 2004). The |
concentrations measured by DOAS (differential @btiabsorption spectroscopy),
BBCRDS (broadband cavity ring-down spectroscopyy denuder technique were
consistent with a range of 30 — 115 pptv (Saiz-lzogteal., 2006a) at Mace Head.

(a)
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Figure 1- 2 Relationship between seaweed masscmiateiodine and particle concentration for the
chamber experiments. Regression lines on uppergfieit to (a) relationship between total particle
concentration and nd (b) relationship between 3 — 3.4 nm partiolecentration and,lconcentration
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Recently a biological formation mechanism was psagbfor }. lodide, which was
most accumulated form of iodine in algae, detoglifizone on the thallus surface and
in the apoplast, releasing high levels gf(Kupper et al., 2008). Irradiated iodide
solution is found to produce free iodine escapmiipé gas phase according to Reaction
1-1, which is shown to be a possible abiologicalkcpss in the seawater (Miyake and
Tsunogai, 1963). Areaction of iodide with ozon¢hat sea-surface may also produce |
(Reaction 1-2) (Garland and Curtis, 1981; Thompaaeh Zafiriou, 1983). In addition,
sufficient concentrations of | radical from oxidatiof iodide or photolysis of organic
iodides, which increase the possibility eproduction.

217 +050,+H,0+hv - I,+20H" (Reaction 1- 1)
2|7 +0,+2H" - 1,1 +O,+H,0 (Reaction 1- 2)

Sea-air boundary is an important layer for the asde volatile iodine into the
atmosphere. The sea surface contains the iodocaduzh as CH, CH,l,, CH.CII etc
with typical | concentration in the order of ¥mol L* (Chen, 2005).,l can be
produced by biological and abiological processakthen enriched in this layer. As a
result, the sea water near the interface becontadiysuper-saturated, thus causing a
flux from the aqueous phase into the atmospherg(Set al., 1983). The Sea-air flux
of non-soluble or sparingly soluble gas is affectsd wave type, wind driven
turbulence, bubbles, temperature gradients, anfdcufilms (Liss and Slater, 1974;
Phillips, 1991; Carpenter, 2003). Recently the admad dissolved (non-volatile)
organically bound iodine was suspected to transfeéhe atmosphere within the sea
surface micro layer by bubble busting process aay be responsible for the organic
iodine in aerosols (Baker, 2005) though no solmbphas yet been found.

1.2 lodine Chemistry in the Atmosphere

The current knowledge of iodine chemistry in th@@déphere is shown in Figure 1-3
(von Glasow and Crutzen, 2003). The cycle is itetisby photolysis of volatile iodine

species, such as iodocarbons and molecular iodiokowing their release from the

ocean (Carpenter, 2003; Saiz-Lopez and Plane, 2004dler UV-vis exposure, a series
of gas phase reactions and the aerosol recycliagepses occur, resulting in ozone
destruction as well as the new particle formatiwhich could have strong impact on
climate if it occurs on a global scale (Carper26f)3; von Glasow and Crutzen, 2003).
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Figure 1- 3 Schematic of iodine reactions in theineaboundary layer (cited from von Glasow and
Crutzen, 2003 with modification)

1.2.1 Gaseous Processes and Tropospheric Ozone Depletion

Once released to the atmosphere photolytic decatiposs the predominant fate of
organic iodine compound or molecular iodine (Reaci-2 and 1-3). Alternatively, gas
phase oxidation by OH radicals is of less importdmecause of the relatively slow OH
reaction rate (Vogt, 1999). The lifetime of ioddmams ranges from several days e.g.
CHgl, several hours to several minutes e.g..IgH, (Mogt, 1999; Carpenter, 2003).
lodocarbons with two chromophores, e.g.,,GHCH:ICI, and CHIBr, have shown to
be the most important iodine atom precursors inesenvironments (Carpenter et al.,
1999). However, the main source of | atoms in @astvironments is the molecular
iodine flux from the seaweed instead of {LHas reported (McFiggans et al., 2004;
Saiz-Lopez et al., 2006a), lis rapidly photolyzed releasing | atom with a
photo-dissociation rate constant (J) of 0.12 + G:b8Saiz-Lopez et al., 2004).

R-1+hv 5 R+I (Reaction 1- 3)

l,+hv - 2l (Reaction 1- 4)

It is thought that the predominant fate of | atomseaction with ozone to produce
monoxide (IO) radicals. The time scale of this tearcis about 2 s at an ozone mixing
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ratio of 20 nmol met (Jenkin, 1992). At low NQIlevels, which are typically observed
in the unpolluted MBL, the major fate of 10 is pbdissociation to regenerate | atom.
This cycle has no net effect on@r O; chemistry.

I+0, - 1040, (Reaction 1- 5)

IO+hv - 1 +0 (Reaction 1- 6)

Although this reaction cycle is the predominanthpaty for I-to-10 inter-conversion, a
number of temporary inorganic reservoir producte &rmed via I1Q radical
termination reactions with HQ NO,, and 10. The photodissociated | atoms
consequently cause the @epletion via Reaction 1-5.

I0+HO, - HOI +0, (Reaction 1- 7)

HOI (gas) — HOI (aerosol) (Reaction 1- 8)

HOI (gas) +hv — OH +1 (Reaction 1- 9)

HOI(ag)+ X~ +H™ - IX(gas)+H,O (Reaction 1- 10)
IX+hv - 1 +X (Reaction 1- 11)
IO+ NO - | +NO, (Reaction 1- 12)

[0+ NO,(+M) - IONG, (+M) (Reaction 1- 13)

IONO, +hv - I +NO, or - [O+NO, (Reaction 1- 14)

According to Reaction 1-7, hypoiodous acid (HOMoisned by the reaction of IO with
HO,. HOI is believed to be the major component of gjaase inorganic iodine and an
important route to the aerosol phase (Jenkin, 182®js et al., 1996; Holmes et al.,
2001). HOI is believed to react with halide ioneétion 1-10 and 1-11," X I, Br
and Cl) in seasalt aerosols to produce volatile dihalsgénIBr, ICI) which enter the
gas phase in a process known as halogen activebighé¢t al., 1999; McFiggans et al.,
2000). The HOI-participating cycle is thought tothe dominant @loss cycle at NQ
lower than 500 pptv (Stutz et al., 1999).

The dimmerisation to produce, and the formation of OIO are suggested as
self-reactions of 10 radicals (Mogt et al., 199%iftrhann et al., 2001). | atoms released

6
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via Reaction 1-16 can continue to destruct ozonéhénair. Also, OIO has a high
photochemical stability in the atmosphere and igabée of self-reaction for new
particle formation (Misra and Marshall, 1998; Ho#fmm et al., 2001).

I0+10 - 1,0, (Reaction 1- 15)

I0O+10 - | +0IO0 (Reaction 1- 16)
Ol0+hv - 1+0, or - I0+0(°P) (Reaction 1- 17)
Ol0+0I0 - 1,0, or S[IO]'[IO;] (Reaction 1- 18)
1,0, +nOIO - [-I —O—-10,—] 1,1/ (Reaction 1- 19)

Gaseous reactions leading to ozone depletion inMiBt were proved by the
measurement of iodine oxides from both the labietudnd the field observations
(Hoffmann et al., 2001; Jimenez et al., 2003; Saigez et al., 2006b; Saiz-Lopez et al.,
2007; Read et al., 2008; Schonhardt et al., 2008).

1.2.2 New Particle Formation

In addition to ozone depletion caused by iodinenukey in the MBL, new patrticle
formation recently became a new focus for atmospladine research (O'Dowd et al.,
2002b; O'Dowd and Hoffmann, 2005). Atmospheric sel®interact both directly and
indirectly with the Earth's radiation budget andlgll climate change (Kolb, 2002).
Aerosols have a direct effect on the global radehialance by scattering (or absorbing)
incoming solar radiation, leading to cooling (or rm@ng). As an indirect effect,
aerosols in the lower atmosphere can modify the gizloud particles, changing how
the clouds reflect and absorb sunlight, therebgcaifig the Earth’'s energy budget. If
the iodine-containing new particle formation pre@ssoccur on a large scale, it could
have a significant effect on climate (Kolb, 2002).

The typical case of nucleation events driven byneahemistry was first observed at
Mace Head, shown in Figure 1- 4 (O'Dowd and Hoffm&®005). The peak in particle
concentrations occurs a number hours before theipesaulphuric acid concentration,
suggesting the new particle formation process veaislne to the ternary nucleation of
H,SOs-H,O-NOs. The particle concentration increased (more tiiredi®) when low
tide occurred, and decreased back to the backgieurt$ as the tidal height increased
again. This nucleation is thought to be driven mgbnic emissions of iodine vapors
that undergo rapid chemical reactions to producelensable iodine oxides leading to
nucleation and growth of new particles (O'Dowd ataffmann, 2005). Chamber
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experiments to investigate the new particle fororatby macroalgae (Laminaria
digitata), after release of GH, and } and reaction with © were conducted
(McFiggans et al., 2004). Similar mass spectra wbserved in natural and laboratory
experiments, indicating the evidence of ultrafiodime-containing particles produced
by intertidal macroalgae exposed to ambient legklszone (Figure 1-5). In addition,
the L photolysis rate at Mace Head was reported to teethrders of magnitude larger
that the flux of CHI, (McFiggans et al., 2004), suggestingright be the missing
additional source of condensable iodine vaporsarsiple for new particle formation.
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Figure 1- 4 Typical new particle formation evenivdn by iodine chemistry at Mace Head in 1999.
JO{D) is a measure of photochemical activity. (O'Daatal., 2002a)

The net transfer of iodine from the gas to the emseéd phase is reflected by the factor
of 100- to 1000-fold enrichment of | in fine framti marine aerosol by comparison to
the I/Na ratio in seawater (Duce and Hoffman, 1&t6rges and Barrie, 1988; Baker et
al., 2000). The formation of OIO (Reaction 1-16)datme self reactions of OIO
(Reaction 1-18 and 1-19) are regarded as the rialeamechanisms for new particle
formation (Hoffmann et al., 2001). OIO was measurea filed campaign at Cape
Grim by DOAS and the concentration was found to/ vetween lower than detection
limit (0.5 ppt) and about 3 ppt (after sunset) éAlket al., 2001). Day time OIO was first
observed in the coastal North America (Stutz e2&l07). Furthermore, althougyOk,
formed through the accumulated oxidation of 10, wase supposed as the end iodine
oxides for aerosol nucleation(Saunders and Plaf@5)2 the low solubility of
nucleated aerosols found by growth factor measungsrsipports the polymerization
of 1,04 in nucleation due to its low solubility in manyhsents including water (Vakeva
et al., 2002; O'Dowd and Hoffmann, 2005). The amssnduced from CHl
photolysis chamber experiment was measured by@erass spectrometry (AMS) for
composition analysis (Jimenez et al., 2003). Théennfractions were indicative of
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iodine oxides and/or oxy-acids, showing more pagdigtthat iodide oxides result in
particle formation.
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Figure 1- 5 Mass spectra from each of the threegys(A) CHI, exposed to ozone; (B) Laminaria digitata; and (C)
iodine vapor exposed to ozone (McFiggans et aQ4p0

Condensed iodine is partly recycled back to thepy@ase but some is taken up into the
aerosol phase. The exact rates and mechanismyéavale key parameters for the
prediction of iodine’s impaction on the atmosph@iedate, although a large amount of
studies concentrated on gaseous iodine reactiotteeiatmosphere, field data on the
chemical speciation of iodine in aerosols are scafarly observations of iodine in
aerosols can be dated back to the early 1970s (Ma&@yel Duce, 1972; Brauer et al.,
1974; Rahn et al.,, 1977). Later, more measurememtie obtained from both
continental and coastal environments (Gaebler adhtann, 1993; Wimschneider and
Heumann, 1995; Murphy et al., 1997; Baker et Q@ Baker et al., 2001; Baker,
2004, , 2005; Chen, 2006). Unfortunately, mosheféxisting measurements of iodine
in marine aerosols are based on bulk measuremdntadfiodine, i.e. the individual
chemical iodine species that contribute to parsitulodine and that might give insight
into the aerosol formation pathways have rarelynbeeasured (e.g. differentiation
between 103, IkOy) (O'Dowd and Hoffmann, 2005).

The iodine species measured in the previous worke wsainly inorganic

(water-soluble) iodine species: iodide and iodaay.(Baker, 2004). Surprisingly,
higher iodide concentrations were found than iodatecentration in the aerosols from
the Atlantic Ocean (Baker, 2004, , 2005). This nsthe contrast to the current
knowledge that iodate is the main stable iodin& Sipecies in aerosols. lodate is
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theoretically removed from reactive iodine and meatycle back the gas phase (Mogt et
al., 1999). The current models (Mogt et al., 1998Figgans et al., 2000) may therefore
misrepresent iodine cycling, halogen activationitasg from iodine chemistry and the
removal of iodine from ozone destructions reacti@eker, 2004).

In addition, the total soluble iodine (TSI) conaatibns are higher than the soluble
inorganic iodine in marine aerosols. The differebesveen both fractions is defined as
soluble organic iodine (SOI = TSI — iodide — ioddtaker, 2005). Analysis of marine
aerosols from ship campaigns over the Atlantic @deand that SOl composed of
65% and 24% of TSI (Baker, 2005). This finding igogorted by the correlation
between iodine and organic matter in individual M&rosol (Murphy et al., 1997).
SOl was dominant in fine particle size ranges, sstgg its formation via
gas-to-particle conversion/gas-phase uptake presg&aker, 2005). Total insoluble
iodine (TI) in marine aerosols was determinedruictively Coupled Plasma — Mass
Spectrometry (ICP-MS) through a tetra-methyl-ammonhydroxide (TMAH)
extraction, which may also direct to the organdine in aerosol phase (Chen, 2005).
An early work in the 1960s reported the iodine oissted from Agl in the atmosphere
could react with volatile iodine to produce newasais. These may then act as the ice
nuclei (Rosinski, 1966). The HOI-organic matterctesn is a potentially significant
source of aerosol SOI, as HOI is known to be aiveadbdine species reacting with
organic matter at seawater (Truesdale et al., 199&ynatively, soluble organic matter
in fine mode aerosol produced by ejection direftbyn the sea surface microlayer
(SSM) during bubble bursting may be another pathiea$Ol uptake. However, such
mechanisms are still unknown, and atmospheric edhremistry models currently do
not include any aerosol phase reactions with oggaubstances. Recent modeling work
tried to fill the gap between theoretical knowledapel the field observations (Pechtl et
al., 2007). Pechtl et al investigated iodine fororatvia the reaction of HOI with
dissolved organic matter (DOM). lodate could beuced! in acidic media by inorganic
reactions with iodide and 'HThe results showed better agreement between swbdel
and observed iodide and iodate concentrations. Menvéhe modeled aerosol iodide
concentrations were still significantly lower thabserved values in field samples,
suggesting more efforts need to be put into thesa¢rodine to improve the current
understanding of iodine cycling in the MBL.

1.3 lodine Sink

1.3.1 Wet Deposition of Atmospheric lodine

Aerosol iodine is removed by precipitation (rainpw etc) and recycles back to the
ocean. Wet deposition of iodine was estimated agrol mi? yr* at Weybourne, the
English coastal site (Baker et al., 2001). A sigaifit correlation was found between
total monthly wet deposition of iodine and rainféffigure 1-6), demonstrating

10
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substantial removal of iodine by precipitation (Belet al., 2001). This is consistent
with later work on iodine speciation in precipitatj that indicates aqueous iodine is
most likely transferred directly from the aerosothe droplet during aerosol activation
(Gilfedder et al., 2008).
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Figure 1- 6 Relationship between total monthly degosition of iodine and rainfall at Weybourne
(Baker et al., 2001).

lodine distributes globally in rain and snow, getigrranging between 1.6 — 78 nmol
L™ (Truesdale and Jones, 1996; Baker et al., 200fedder et al., 2007a; Gilfedder et
al., 2008). In addition to total iodine measuremtrd iodine speciation in precipitation
showed the existence of inorganic iodine (iodide mlate), as well as SOI (Baker et
al., 2001; Gilfedder et al., 2007a, 2007b; Gilfedeteal., 2008). Similar to the iodine
speciation in marine aerosol, SOI was found to acttor a significant fraction in the

rainfall samples (Baker et al., 2001; Gilfedderkt 2007b). lodine speciation using
lon Chromatography (IC)-ICP-MS with an anion exaj@oolumn was applied for rain

and snow speciation lately and several unidentifiedks were observed in the
chromatograms, which gave the first report of sagar SOI species in environmental
samples (Gilfedder et al., 2007b). However, no cstmal information has been

obtained and these peaks are not identified yet.

1.3.1 Ocean

The ocean covers over 70% of the Earth’s surfateciwis the source as well as the
largest sink of iodine. In the sea water, iodingegikmainly as iodide, iodate, as well as
volatile and non-volatile organic iodine with agbtoncentration of around 0.48ol

(Wong, 1991). Concentrations of iodide and iodiatgea water are in the order of 0.7
x 10" mol L' and 3 x 10 mol L, respectively (Tsunogai, 1971; Ullman et al., 1990
However, iodide and iodate levels vary with the weager depth. lodate is found to be

11
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predominate in deep sea (> 250 m) while iodidegases with a decrease in the iodate
levels near the surface (Waite and Truesdale, 200@®) biological reduction of iodate
is thought to occur in the near-surface sea watarté and Truesdale, 2003; Chance et
al., 2007). Also, iodide can also be formed bydeeomposition of dissolved organic
iodine in sea water (Wong and Cheng, 1998). Vaatitganic iodine, which is
suggested as the source of atmospheric iodine skrgms usually lower than 1 nmol
(Lovelock, 1975; Singh et al., 1983; Klick and Abamsson, 1992; Moore and
Tokarczyk, 1993). The contribution of non-volatieganic iodine is also small in the
open oceans, usually < 5% of total dissolved iodire@esdale, 1978; Ullman et al.,
1990; Tian and Nicolas, 1995). Its concentrationrél@ses with depth and increases
towards the coast (Wong and Cheng, 1998). It carorhe a major or even the
predominant species in coastal marine waters (VdogCheng, 1998, , 2001).

1.3.3 Terrestrial Aqueous Environment

Precipitation may also transport iodine to conttabaqueous environments. However,
the proportion of iodine in the terrestrial aqueeuasironment derived from marine
iodine source is still unclear. In addition, theclayg between terrestrial and oceanic
environments is also not clear. The iodine spematiesults from aerosols and
precipitation (rain and snow) seems highly coreslatlue to the same unidentified
signals are eluted from the same IC-ICP-MS syst@itiedder et al., 2007b, 2007a;
Gilfedder et al., 2008). The distribution of comtintal precipitation does not present a
relation with the distance to the ocean, but deggsaapidly with increasing elevation
(Gilfedder et al., 2007a). This is indicates temiasemissions such as anthropogenic
sources (Muller, 2003), rock weathering (Muramaiad Wedepohl, 1998), volcanic
plumes (von Glasow and Crutzen, 2007)and so on pleytheir roles in terrestrial
iodine cycling. lodide, iodate and SOI are the madine fractions measured so far in
terrestrial aqueous environments, and existenceSOi has been found by
chromatography coupled to ICP-MS (Heumann et 8081 Radlinger and Heumann,
1998; Gilfedder et al., 2007b). In brief, the tetreal aqueous environment is thought a
less important sink for the iodine cycling compatedhe ocean.

1.4 Objectives of thisWork

The main objectives of this work are to develop lgmeaal methods for iodine
speciation in marine aerosols and to gain an irtbdepderstanding of iodine chemistry
in the MBL.

1.4.1 Method development

ICP-MS is a sensitive, accurate and reliable tephifor iodine measurements in

12
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environmental samples (Edmonds and Morita, 1998|I8vd and Altamirano, 2005).
Therefore, analytical methods using ICP-MS forltaidine measurement in different
matrixes were developed to measure TSI and Thémarine aerosol samples. Also,
experiment pretreatments were developed includiigasonic assisted water
extraction for soluble iodine and TMAH extractioor finsoluble iodine in marine
aerosol filter samples.

Measurement of individual iodine species is stillaalytical challenge, especially at
the relatively low natural concentration levelgil) (O'Dowd and Hoffmann, 2005).
Separation techniques (i.e. chromatography andrefdwresis) and ICP-MS were
developed for soluble iodine speciation. IC witlotanion exchange columns and gel
electrophoresis (GE) were used for iodine separaaad ICP-MS was performed as
the iodine specific detector. Inorganic iodine, eiymodide and iodate, was separated
successfully and measured by both methods. SOlspeake observed in the
chromatograms and electropherograms.

1.4.2 lodine Speciation in Marine Aerosols

To gain a holistic view of the iodine in marine @&ls, four field campaigns were
conducted in this work and the developed method®tal iodine and iodine speciation
were applied to iodine measurement of the colleagrdsol samples.

MAP Campaigns at Mace Head

There were two parallelly intensive campaigns catetl during June — July 2006 in
the Marine Aerosol Production (MAP) project. Theddddead Campaign (MHC) took
place at Mace Head Atmospheric Research StationARt5), west coast of Ireland.
PM, s, PMypand 5 stage Berner impactor cascade sampleréige: 0.085 — 0.2om,
0.25-0.73um, 0.71 — 2.Qum, 2.0 — 5.9m and 5.9 — 1@m) were collected for iodine
speciation. Simultaneously, Celtic Explorer shiprpaign (CEC) was performed over
the North Atlantic Ocean to investigate the infloerof biological activity on iodine
chemistry in the open ocean. PMvas sampled onboard during the sampling period.

OOMPH Campaign over South Atlantic Ocean

The cruise campaign of the project “Organics ower @cean Modifying Particles in
both Hemispheres (OOMPH)” was conducted in the fsrat semisphere during
January — February 2007. The scientific ship Maibariresne traveled a round trip
between the South Africa and the South Americassng the South Atlantic Ocean. 5
stage Berner impactor size fractionated sampleg singe: 0.085 — 0.328n, 0.25 —
0.71pum, 0.71 — 2.Qum, 2.0 — 5.9um and 5.9 — 1@um) was used to collect marine
aerosol samples mainly over the open ocean.

13
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XuelLonglceBreaker Campaign from East Asiato Antarctica

During November 2005 — March 2006, a sampling cagmpavas conducted on the
Chinese Ice brakexue Long along a 30,000 km round-trip cruise from Shanghai,
China to Prydz Bay, Antarctica, over the West Racifcean, East and South Indian
Ocean, and the coastal Antarctica. Total Susperriaticle (TSP) samples were
collected during the campaign.

TSI, TII, iodide, iodate and unidentified organacline (UOIs) were obtained from the
marine aerosol samples from the four campaignshaacterization of the aerosol
iodine in each individual campaign as well as oglabal scale was estimated. The
observations from these field campaigns will enleatie global atmospheric iodine
database and the conclusions drawn based on th&sésradd more evidence to the
importance of iodine chemistry in atmosphere.
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2. Development of Analytical Methods for |odine Speciation in

Marine Aerosols

lodine speciation in aerosols is important for ustinding the roles and the pathways
of iodine chemistry in the MBL. Efficient samplingchniques for accurate collection
of aerosols for speciation analysis are neededer8kaerosol collection techniques,
including the principles and available samplerss @troduced in this chapter.
Moreover, reliable analytical methods are anoth®yartant aspect for the analysis of
target species, e.g. iodine species. Although mloeganic iodine species including
iodide and iodate have been measured in varioesurels campaigns, the challenge of
iodine speciation in marine aerosols remains du&éamportance of organic iodine
compounds were revealed. To date in marine aesmuoples the insoluble iodine
species has seldom been reported and the soldaically bound iodine is not fully
understood yet. In this chapter, the analyticalhoés$ for total soluble iodine (TSI),
total insoluble iodine (TII) and inorganic iodinedide and iodate) as well as soluble
organic iodine in marine aerosol samples are ptedeinductively Coupled Plasma -
Mass Spectrometry (ICP-MS) is used as the analyechanique for TSI and TII after
appropriate extractions. Newly developed coupleahhiques of lon Chromatography
coupled to ICP-MS (IC-ICP-MS) system with differeartion exchange columns are
described here and their performance is discuslsed@ddition, another coupling
technique, Gel Electrophoresis coupled to ICP-ME-(GP-MS), also shows its
applicability for soluble iodine speciation.

2.1 Sampling

In atmospheric aerosol research it is vital to p@pbkuitable sampling technique for
aerosol collection depending on the different atiedy purposes. Filtration is probably
the most widely utilized technique for aerosol mneasent, owing to its flexibility,
simplicity and economy. The basic idea for filtoatisampling is to draw an aimed air
stream through a suitable porous medium or filteictv allows the gas penetration and
particle collection in certain size ranges on ugace. Therefore, the properties of the
filter medium, the preparation, transfer and pegtreent of the filter medium as well as
the size selection mechanisms of sampling systesd ttebe thoroughly considered.

2.1.1 Sampling Objectives

There are many sampling systems available for akrosllection with different
principles, sampling flows and also tailored tdetént environments. The challenge of
designing, installing, operating, and using theadadm a sampling work depends
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mainly on the specific purpose. Hence, the sampdinjgctive is always the primary
consideration for searching a sampling device.

The main objective in this work is to perform iodispeciation in aerosols in the MBL.
The sampling systems selected for the campaigrs téke following criteria into
account: (a) storage ability for future chemicablgsis; (b) suitable sampling flow
conditions to ensure enough mass collected; (dityabo collect fine particle sizes
(studies of new particle formation); (d) ability twmllect different particle sizes in
parallel for in-depth study; (e) suitability forfidirent sampling environments in the
MBL. Four samplers were selected according to thesesiderations. A self-built
virtual impactor PM s sampler and a commercial hi-volume Rampler were used to
collect marine aerosols at Mace Head, located ewist coast of Ireland during the
Marine Aerosol Production (MAP) campaign during dwuand July 2006. For size
distribution investigation, a self-built Berner iagior cascade sampling system was
settled at Mace Head and on a scientific vesset the Indian Ocean. During the
scientific cruise from Shanghai, China to Prydz Bamtarctica, a total suspended
particle (TSP) sampler was fixed on the vesselnduttie cruising which was planed to
investigate coarser size particles in order todwradequate loading during sampling
because no previous measurements have been catedntn this sampling path.
Sampling brace and water proof devices were saligded and self-made to settle the
sampling systems and allow them work properly ut@er weather conditions such as
rainy and windy circumstances.

2.1.2 Sampling Techniques

Methods for particle size separation include imjpectvirtual impaction, elutriation,
cyclonic flow etc (Hinds, 1999). In this sectiohetsamplers and sampling media
(filters) used in this work, as well as their piples are introduced.

1) Virtual Impactor PM 5 Sampler

A virtual impactor is a particle inertial classHitton device that is very similar to the
conventional inertial impactor. Compared to dir@apaction, a virtual impaction
surface was placed in the virtual impactor inletit@ct the larger particles elsewhere
(Watson and Chow, 2001). When a jet of particleeta@ir is accelerated toward a
collection probe, a small gap exists between tlhelacation nozzle and the probe. A
vacuum is applied to deflect a major portion of #imstream away from the collection
probe. Particles larger than a certain size crbesdeflected streamlines, whereas
smaller particles follow the deflected streamlifleso and Cork, 1988). These two gas
streams can then be directed to the collectioar§ijtinto another inertial classification
devices, into and another impactor stage etc (gped-2-1 a). The particle collection
efficiency curve for virtual impactor is quite spand suitable for aerosol collection in
ambient environment. Virtual impactors have usuahly one stage. The benefit of a
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virtual impactor is the use of conventional fibiigefs that do not suffer from bounce
off like the substrates for impaction in the normm@pactors or interferences of
chemical analysis from substrate coating (Hoffmand Warnke, 2007).

Sireamlines
Accaleration Nozzle
T
I
E s
Fhﬂ ———
T |
Trajectory of I R
smaller particles i
; Collection Probe
1

S

Trajectory of larger
particles

1.0
&
[
@
o
&
w
0
JSix
(b)

Figure 2- 1 Schematic diagram of virtual impactrdnd its corresponding collection efficiency (b)
(Marple et al., 2001)

A virtual impactor PMs sampler was self-built consisting of a commereiaiual
impactor inlet, stainless steel filter holder, amdvacuum pump (VT4.8, Becker,
Wuppertal, Germany). The virtual impactor inlet asampling holder were cleaned
with HNOs; (5 %) - ethanol (5 %) -water solution in an ultais bath before field
sampling. The sampling filter waB43 mm cellulose nitrate membrane filter (self-cut
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from the original filter®70 mm, Sartorius AG, Goéttingen, Germany)

Figure 2- 2 Picture of virtual impactor inlet aine ffilter holder
2) Berner Impactor Cascade Sampler

Direct impaction is the widely applied in partidize separation because it is simple
to construct and is well understood theoreticdlliyect impaction systems consist of
one or more jets positioned above an impactiorepl@he impactor dimensions are
selected to allow particles with diameters excegdlve desired cut point to strike and
adhere to the plate.
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Figure 2- 3 Schematic diagram of a impactor (a)the corresponding particle collection efficierfby
(Marple et al., 2001)

As is shown in Figure 2-3, the gas streamlines gassigh a nozzle and the output
streamlines are directed against the impactiore pidiich deflects the flow to form an
abrupt 90° bend. Particles larger than a certaim aie unable to follow the streamlines
and adhere to the plate. Smaller particles candakitiing the plate and follow the
streamlines to the probe. Impaction inlets reqdiieguent cleaning and oiling or
greasing to prevent impacted particles from disagating or becoming re-entrained in
the air flow (Watson and Chow, 2001; Chen, 2005k Tollection efficiency curve is
also shown in Figure 2-3 (b). The collection e#iuty (as a function of particle size) is
defined as the fraction of particles passing thiothg nozzle that are collected on the
impaction plate. The ideal impactor has a perfestigrp efficiency curve, that is, all
particles larger than the cut size of the impaet@r collected on the plate, while all
smaller particles follow the gas flow out of thepaction region.

The Berner cascade impactor is designed for detammsize distribution of aerosols
(Berner and Lurzer, 1980). In this case, a seri@ampactor stages are installed in a
cascade fashion such that the gas passes frontayeets the next. Each stage is fitted
with a removable plate and the cutoff size is reduat each stage by decreasing the
nozzle size. A cascade impactor makes use of tbietfiat particle collection is
governed by the Stokes number which is the ratih@fparticle’s stopping distance to
the physical dimension of the body collector. Tiedouity of the particle-laden gas
stream is increased in successive stages, resiuttititge collection of successively
smaller particles in the subsequent stages.
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Figure 2- 4 Schematic diagram of cascade impactor

A 5-stage cascade impactor, namely Berner impd€ioma Dr. Eberhard Steinweg,
Grebenhain, Germany), with fractionated sizes: ®68.25, 0.25 - 0.71, 0.71 — 2.0,
2.0-5.9, 5.9 -10.0m was used for the size fractionated particle saropllection in
the field campaign of this work (see Figure 2-4 kiglre 2-5). The sampling flow rate
of is fixed to 4.5 Mh™ by using the vacuum pump (AEG, Type AM 90 LX4 5LKaV,
Busch GmbH, Germany).

Figure 2- 5 Picture of Berner Impactor (a. sidewib. impaction plates)

Cellulose nitrate filter (self-cut from the originfilter ®120 mm, Sartorius AG,
Gottingen, Germany) which is cut as annular fil{@ize: ®,=78mm,®;=40mm) were
placed in each impaction stage to collect aerasfudfferent size ranges.
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All subassemblies of the impactor were cleaned RDEI(5 %) - ethanol (5 %) -water
solution in an ultrasonic bath before field samglin

3) Hi-volume PM 1o Sampler
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Figure 2- 6 Schematic diagram of Sierra-AnderserMGModel 12000

GMW Model 12000Hi-volume PMo Sampler (Sierra-Andersen, Rockland, MA, USA)
was designated as the Federal Reference Method (RFBA) for ambient Plyh
sampling. Figure 2-6 shows the structure of thimar. It is designed to collect
particles equal to or lower than a defined size {§fMVhen ambient air is drawn into
the inlet, the acceleration nozzles fractionatdigas larger than 10m, which are
impacted onto a greased collection shim. The aitaining the PMy particle fraction

is channeled through to the filter holder. The flate is critical to maintain the RM
cut point and when using the standard impactor dgio®, a constant flow rate of 68
m2h? (1133 L min) is controlled by a volumetric flow controller (\&f for a high
volume sampler.

For PMy sampling, it is necessary to use filter materighviow flow resistance in
order to maintain the prescribed flow rate. Quéter filters (Whatman, Maidstone,
UK) was therefore chosen for high-volume samplimy fits good filtration
characteristics with high flow and low pressurepdrand the excellent collection
efficiency for small particles. All filters were gineated at 900 for 3 h to remove
the carbonaceous contamination. All subassemblee wleaned with HNE(5 %) -
ethanol (5 %) -water solution before field sampling
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4) TSP Sampler

Total suspended particle (TSP) is a used as a atgul measure of the mass
concentration of particulate matter (PM) in ambiemt It was defined by the
size-selectivity of the inlet to the filter thatllewted the particles. Normally it refers to
the aerosol sized less than 100.

Figure 2- 7 Picture of Tianhong TH-1000 TSP sampler

A TH-1000 TSP sampler (Tianhong, Wuhan, China) wetfled on the scientific
icebreaker Xue-Long during the 23China Antarctic Campaign. The sampler is
developed for TSP collection with a sampling flofw68 nt h™. Cellulose fiber filter
(Grade 41, Whatman, Maidstone, UK) was chosendonse collection.

2.2 Sample Pretreatment

The sample pretreatment procedure is schematichlbwwn in Figure 2-8. After
sampling, the samples were soaked with 10 mL plire water (182, Milli-Q Water
Purification System, Millipore, Bedford, MA, USAhd extracted with an ultrasonic
bath for 20 min to remove soluble iodine speciesnfrthe filter. The filters with
insoluble iodine species were kept for further rmeasents. The extracts were
measured, firstly, using ICP-MS for total solubdeline (TSI). Then several ICP-MS
coupling techniques such as IC-ICP-MS (with twded#nt systems) and GE-ICP-MS
measurements were applied for soluble iodine spewialodide, iodate and other
unidentified organic iodine (UOI) species were fduduring these speciation
measurements. The filters with insoluble iodine evefurther extracted with
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Tetra-methyl-ammonium-hydroxide (TMAH). TMAH is dreng aqueous alkaline
regent and very effective for extraction of trateneents. During the pretreatment, 2
mL 10% TMAH (diluted from 25%, 99.9999%, Alfa, Karlhe, Germany) solution
was added to the water-extracted filter and put art oven at 90C for 3 h (Chen,
2005). The cellulose nitrate filters decompose MAH solution, which avoids any
loss of iodine species during the extraction stépen the total insoluble iodine (TII)
was determined by ICP-MS. Before injected into anglytical system, filtration was
necessary to remove the particles in samples wiighld cause clogging of, for
example, IC column, the gel of GE, nebulizer, sampand skimmer of ICP-MS.
Membrane filters (pore size 04, ® 26 mm, poly-propylene membrane, VWR,
Darmstadt, Germany) were used for particle filati

Aerosol Sample on Filter

Water Extraction

A y

Water insoluble species Water soluble iodine
at filter species in solution

TMAH |, Extraction

Water insoluble iodine
species in solution

IC-ICP-MS, GE-ICP-MS

total insoluble Total soluble | _ Cardion | = Soluble Organic
iodine (T1I) lodine (TSI) 3 lodine (SOI)
- -~ _ +
Total lodine Unidentified Organic
lodine (UQI)

Figure 2- 8 Procedure of sample pretreatment im@dpeciation

2.3 Total Solublelodine and Total I nsoluble | odine M easurement

in Marine Aerosols

ICP-MS is a fast, precise and accurate multi-eléntechnique for trace element
determination. An ICP-MS can be thought of as foain processes, including sample
introduction and aerosol generation, ionizatiorabyargon (Ar) plasma source, mass
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discrimination, and the detection system. The saemmloduction system transports
the sample (solid or liquid) into the centre of pflasma. For solid samples, a laser
ablation (LA) device is normally used to producenpée aerosol into the plasma.
Aqueous samples are introduced by a nebulizer,nwdspirates the sample with high
velocity Ar, forming a fine mist. Aerosols then pasto a spray chamber where larger
droplets are removed via a drain and smaller dteptansferred into the plasma torch.
An Ar plasma flame which is generated and mainthlmea high radiofrequency (RF),
is used as an efficient ionisation source. The tFatpre can reach the order of 6000 —
10000 K. The hot plasma removes any remaining sbhand causes sample
atomization followed by ionization. Subsequentimple ions are introduced through
a pumped vacuum interface into the Mass Spectrgr(l®). The interface solves the
incompatible working pressures between plasma (@bimeric pressure) and extracts
with ions with two cones with small orifice. Thelmetsample ions pass into the high
vacuum region of the MS. When a quadrupole is @sed mass analyzer, it actsaas
mass filter that separates ions according to theiss/charge ratio (m/z). Finally, the
detector is located at the far end of the masgigpaeter in the high vacuum (10-5 torr)
part of the mass spectrometer chamber. Its puipasealetect, amplify and measure the
analyte ions passing through the mass spectronfétermost commonly used type of
detector in ICP-MS is an electron multiplier.

Plasma

Interface
Flasma gas

Auxiliary‘/ Torch

gas \.;_

Ny
Carrier~" T Spray
gas chamber

Quadrupole

Sample

Nebulizer

Figure 2- 9 Schematic diagram of quadrupole ICP-MS

The analytical methodologies developed to deternaddme species in environmental
samples have involved almost exclusively ICP-MS i{dud and Altamirano, 2005).
ICP-MS is especially advantaged for iodine measergnn marine aerosol samples
due to several reasons. Firstly, ICP-MS has exuatletection capability for elemental
analysis. Concentrations of total iodine and iodipecies in marine aerosols are as low
as pmol per rh High sensitivity and low detection limit are alyganecessary for such
low concentration measurements. Secondly, ICP-Migssgned for element selective
measurement, which makes it possible to be usad aement specific detector. Hence,
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it has the potential to be involved in the hyphematechniques e.g. GC-ICP-MS, High
Performance Liquid Chromatography (HPLC)-ICP-MS;IEP-MS, GE-ICP-MS and
Capillary Electrophoresis (CE)-ICP-MS. Isotopeagatieasurement is also possible so
that isotope dilution analysis can be successhadhjieved.

In this section, analytical methods for measurii®j and TII are introduced. External
calibration analysis and isotope dilution analydiBA) are both applied in the
guantification of total iodine and iodine species.

2.3.1 Experimentation

1) Reagent
lodine standard:

lodide standard for IC (1000 mg*'LFluka, Deisenhofen, Germany) were used to
prepare different concentrations of standard fagxgrnal calibration curve. Tellurium
(**°Te) (ICP-Standard, 1000 ml*, Merck, Darmstadt, Hessen, Germany) was used
as an internal standard.

For IDA, potassium iodate standard (Fluka, DeisézidGermany) is used for method
development. Long-lived®?0s standard (NEN Chemicals, Boston, MA, USA)
enriched in** by about 86 % was used for isotope dilutidBaféty note: As* is a

long-lived radioactive isotope solutions containiagriched iodine were used in
concentrations lower than 100 g, which refers to an activity lower than 0.66

Bag™).

Milli-Q water (Milli-Q Water Purification System, Mipore, Bedford, MA, USA) and
TMAH (25%, 99.9999%, Alfa, Karlsruhe, Germany) werged for water extraction
and TMAH extraction, respectively.

Gas: argon for the ICP was 99.996 \Vol-% (Westfalen Manster, Germany).
2) Instrument

HP4500 quadrupole ICP-MS (Agilent, Waldbronn, Gemg)aequipped with a
micro-flow nebulizer and a cooled double-pass spheymber (both AHF, Feuerbacher,
Tubingen, Germany) was applied for iodine measunénikhe ICP-MS parameters
were daily optimized for optimal detection by conitbus injection of 10 pgt105
and 200ug L™ Te. Details of the operating conditions used thhmut this work are
given in Table 2-1.
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Table 2- 1 Instrumental parameters for HP4500 ICPdyistem.

System HP4500

Plasma RF power 1250 W
Cool Gas Flow 20 L mih
Aucxiliary Gas Flow 1.0 L mifi

Sample Introduction  Nebulizer Gas Flow 1.0 L thin
Nebulizer Micro-flow (Quartz)
Spray Chamber Cooled Double-pass Spray Chamber
Sampler cone Ni, 1.0 mm orifice
Skimmer cone Ni, 0.7 mm orifice

Acquisition Mode Spectrum
Replicates 5
Isotopes monitored 12610 129

126-|-e, 127|, 129|’ 131Xe (lDA)

3) Sample pretreatment

The pretreatment of TSI and TII collections weré¢hbdescribed in detail in Section
2.2.

2.3.2 Results and Discussion

1) External Calibration Analysis

With this method, an excellent linear calibratiamwe was obtained (Figure 2-10) in
the analytical range between 1 toi&)L™. The aerosol samples extracted with 10 mL
water were generally within this range. Sampleshwiigher concentrations were
diluted to keep the measurement within the workangge.

Calibration curves were made daily with daily preggbiodide standards. The limits of
detection (LOD) were both 0.3@y L™ for TSI and Tl measurements, calculated from
the standard deviations of the blank samples (n) with the 3s criterion. As is
mentioned in section 2.2, the measurements of A& Al were performed in different
matrices, TSI in water extracted matrix and TIMTMAH solution. The recoveries in
both matrices were studied using a standard addiohnique (see Table 2-2). The
recoveries ranged from 97.8 - 105.7% for TSI measent and 96.7 — 101.2% for TII
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measurement. The reproducibilities (n = 7) for L™ addition in a real sample
matrix were 3.03% and 2.19 % for TSI measuremerd @ measurements,

respectively.

30000
y=90.66+514.80x  R’=0.9998
25000 -
20000 -

15000 +

10000 +

ICP signal (cps)

5000 +

0 T T T T T T T T T T
0 10 20 30 40 50

lodine Concentration (ug L'l)

Figure 2- 10 Example of calibration curve in iodmeasurement by ICP-MS

Table 2- 2 Investigation on recovery of iodine megament in different matrix

Added iodine  Measured g Recovery Measuredg L'Y) Recovery

-1 . b
(ug LY L) (%) Matrix 2 %)
Matrix 12
5 4.89 97.8 5.05 101.0
10 10.09 100.9 10.12 101.2
20 21.04 105.7 19.80 99.0
50 51.13 102.3 49.30 96.7

a. Matrix from aerosol water extraction; b. Matiiem TMAH extraction.

2) Isotope Dilution Analysis (IDA)

ICP-MS has the unique capability of using an emtlsotope of the element of
interest as the internal standard. This techniguech is known as isotope dilution
mass spectrometrfiDMS), has been known for nearly 50 years. IDMSmiade
possible through the availability of enriched stalsiotopes of most of the elements.
The IDMS technique involves the addition of a kn@wmount of an enriched isotope of
the element of interest to the sample. This addisanade prior to sample preparation
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during which the spiked addition of the enhancedoise is “equilibrated” with the
sample. By measuring the isotope ratio of the sanapld sample + spike isotope
addition and knowing the isotopic ratio of the emted addition, the sample
concentration can be calculated. The entire measne is based upon ratio
measurements of one isotope of the element to endihift, quenching and other
related matrix effects do not present an interfeeewith IDMS. This technique is
considered as a definitive method and is well suéed established method for the
certification of reference materials. IDMS is fréd®m matrix effects (physical
interference) but it is not interference-free iattmass interference must still be dealt
with (isobaric, MO, M**, etc.) in addition to correction of the signaleinsity for
detector dead time and mass bias interference.

R . Isotope + Spike
diluted -
> > Sample >
£ E £ : £
[ c [
[¢)] [} [¢]
E = E

127) 129| 127 129 127) 129|

Figure 2- 11 Schematic diagram of iodine isotopetidn analysis

Msample= Mepike” CShike - (R **Aspike = "spike) (Equation 2- 1)
Msample @aMount of | in the sample [g]
Mepike @mount of | in the spike [g]
Gspike: CONCentration of | in the spike [g g-1]
R: measured isotope ratios in the sample The

Tagpike isotope abundance in the spike [%]

IDMS is therefore not applicable to monoisotopieneénts. Although iodine is
naturally monoisotopic element, iodine-129 is pretl by the fission of uranium
atoms during operation of nuclear reactors and loyopium (or uranium) in the
detonation of nuclear weapons. The half life o2B1s 15.7 million years. During the
iodine IDA, spiked iodine standard with 1-127 arti29 was used to dilute the sample
(see Figure 2-11). The isotopic ratio of 1-127 1@9 was measured with ICP-MS to
calculate the mass of iodine in sample. lodineswasculation is based on Reaction
2-1. As natural iodine is monoisotopic and withiistwork no naturally occurrint
could be detected, mass bias effects do not neled tonsidered, because the isotope
ratio*2"1/*?% for both, the spike standard and the sample &ftéope equilibration, was
treated identically. Nevertheless, mass bias wasrméed to be about 1.5 % for
12%e/™Xe, which originates as contaminant from Ar gas.r E®l and '*
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measurements onfy®Xe has to be considered as spectral interfereimee & cannot
be separated within the mass spectrometer evee imgh resolution mode. Within this
work the background for m/z = 129 was constant angossible time-dependent
contribution of Xe was further controlled by momitm ***Xe. This ensured that
obtained signals at m/z = 129 appeared uniquety Spiked"*.

3) Results

Before the sampling campaign, the filter blanksenavestigated with IDA by ICP-MS.
Cellulose nitrate filters (n = 1@ = 70 mm) were chosen randomly and extracted with
TMAH (90°C, 3h) and analyzed for total iodine. The blankgeshfrom 0.56 — 5.31 ng
per filter with an average of 1.62 ng. Water exicact was applied to another 11
randomly selected filters to check the blank of . TiBie results showed that TSI blank
in cellulose in the range of N.D.-3.74 ng per filkath an average of 1.38 ng in one
filter. The blanks of cellulose fibre and quartiii were both checked with TMAH and
water extractions. Total iodine and TSI were batdr than 2.0 ng in each cellulose
fibre filter (® = 70 mm). For the quartz filter (20 cm x 25 cmajd than 10 ng of iodine
was found in each filter both in water extractiomdan TMAH extraction. This
indicates that the blanks of all these filterssatsfactory for iodine aerosol sampling.

The methods mentioned above were applied for iodirasurement in several field
campaigns. The results are presented in the faligwhapters.

2.3.3 Summary

Methods for iodine analysis have been successhighyeved by an ICP-MS technique
with external calibration analysis and IDA. Boththmds are found to be sensitive,
accurate, and reliable for iodine measurement inmaaerosol samples. The methods
were applied to measure the blanks of total iodind TSI in different sampling
materials. The results show that cellulose nitfittesr, cellulose fibre filter and quartz
filter are all suitable for iodine aerosol sampliftgal samples from field campaigns
were also measured with the methods to study thaeachemistry in MBL.

2.4 M easurement of Soluble lodine Speciesusing IC-ICP-MS

Element speciation can be achieved by coupling pewerful techniques: one
providing excellent separation of element specrgsthe other giving high sensitivity
for element detection. The use of ICP-MS couplethvgeparation techniques for
element speciation has attracted more and momiatte Chromatographic techniques,
such as HPLC, gas chromatography (GC), and CE amemonly used ones for
ICP-MS coupling. lon chromatography (IC) is onetloé LC techniques using an ion
exchange column for the separation of ions andrpualalecules. It is based on the
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interactions of charged analytes (anions or caliovith the charged (positively or

negatively) functional groups of the stationarysaVhen positively charged analytes
react with negatively charged sites in the coluiis, referred to as cation-exchange,
and when negatively charged analytes interact wihitively charged sites, it is

anion-exchange. Both mechanisms are highly coettolly the pH of the mobile

phases because it affects the dissociation of wesetdlic or basic compounds. Packing
materials are beads of crosslinked styrene andybenzene. The mobile phases
employed normally consist of an aqueous salt bstidution, sometimes mixed with a
certain amount of organic modifier. When IC is cledito ICP-MS, the salt contents in
the mobile phase must be kept to a minimum (<2%l wissolved solid) to prevent

clogging of the nebulizer and erosion of sampled akimmer. Organic contents in

mobile phase may affect the stability of the plasswan extinguish it so the use of
organic content in mobile phase must also be cledrolf there are higher organic

contents in mobile phase, oxygen should be addedsst the burning of organics.
Then the system must be modified and Platinumg&t)pler and skimmer should be
used.

The measurement of iodide and iodate has beenestudith different separation
techniques with ICP-MS and Neutron Activation Arsady (NAA) as detectors.
Separation of iodide and iodate is always the ehgkt of analysis. An offline
technique of ion exchange preparation was repootedparate iodide and iodate using
AG2-X8 resin(Hou et al., 1999; Chen, 2005). Seldmaolumns were prepared with
the resin, then iodide and iodate were sequentiaighed out by changing the washing
eluent. The collected iodide and iodate were finaleasured by ICP-MS or NAA.
Although this method provided good performanceddide and iodate separation, the
disadvantages are obvious. The preparation prosessmplicated, time-consuming,
and difficult to control. A similar performance tfe separation is hard to achieved
evenly in the different columns (normally the colurwas used only once for one
sample) and by different operators. Recently, neffert was put into the online
techniques for iodide and iodate separation andgurement. Reversed Phase (RP) LC,
IC, GE and CE were reported to separate iodide iaddte successfully and then
measure online with ICP-MS (Heumann et al., 199&hslke and Schramel, 1999;
Saionz et al., 2006; Bruchert et al., 2007; Gilledet al., 2007b; Yang et al., 2007).

Here two online IC-ICP-MS systems are introduceldese systems are both anion
exchange IC coupled to quadrupole ICP-MS but thieyiegcated in different labs and
with different analytical column producers. The hugts are described to show their
performance for the speciation of water solublenedn marine aerosol samples.

2.4.1 Experimentation

1) Chemical
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lodine Standard: lodide standard for IC (1000 mg/L, Fluka, DeisemfGermany)
and Potassium iodate standard (0.1 N, Alfa, Kahisy@Germany) were used to prepare
different concentrations of standard for exterradilocation curves.

Mobile phase: 0.06 mol L* (NH4)-CO; (Acros, Nidderau, Germany) for G3286A IC
column; 0.035 mol I! NaOH for AS16 IC column.

Gas. argon for the ICP and helium for eluent degassiege in the purity of
99.996 Vol-% (both Westfalen AG, Munster, Germany).

2) Instrument
|C-1CP-MS system 1(in Uni-Mainz)

| C system consists of a Serial 200 LC pump (Perkin Elmer,tiédah, USA), a Serial
200 autosampler (Perkin Elmer, Waltham, USA), and&Gl310 degaser (Uniflow,
Tokyo, Japan). An anion exchange column (G3268AleAy Waldbronn, Germany) is
equipped in the system.

ICP-MS system: HP4500 (Agilent, Waldbronn, Germany) was appliethaselement
specific detector for iodine measurement. The IC®-Marameters were daily
optimized for optimal detection by continuous irijen of 10 pd-"* 105 Details of the
operating conditions used throughout this workgwen in Table 2-3.

Table 2- 3 Instrumental parameters for HP4500 ICPdyistem.

System HP4500
Plasma RF power 1250 W
Cool Gas Flow 20 L mih
Aucxiliary Gas Flow 1.0 L mif}
Sample Introduction  Nebulizer Gas Flow 1.0 L thin
Nebulizer Cross-flow nebulizer(Quartz)
Spray Chamber Cooled Double-pass Spray Chamber
Sampler cone Ni, 1.0 mm orifice
Skimmer cone Ni, 0.7 mm orifice
Acquisition Mode Time resolve
Measuring time 350 s

Isotopes monitored 127
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|C-ICP-MS system 2 (in Sipplingen L aboratory Ger many)

IC system consists of a Serial 200 LC pump (Perkin Elmer, tiiah, USA) and a
Serial 200 autosampler (Perkin Elmer, Waltham, US¥) anion exchange column
(AS16) and its guard column (AG16) (both Dionex,edimgen, Germany) are
equipped in the system.

| CP-M S system: Elan 6100 (Perkin Elmer, Waltham, USA) was appéiedhe element
specific detector for iodine measurement. The IC®-Marameters were daily
optimized for optimal detection of a selection odsses. A Meinhard nebulizer and
cyclone spray chamber were used to gain largeakfgym ICP-MS (Gilfedder, 2007).

2.4.2 Results and Discussion

1) Resultsfrom System 1

The retention times of iodide and iodate were ogah by changing the concentration
of (NH4).CO;s in the mobile phase. Figure 2-12 shows the infteeaf (NH,),COs
concentration in the mobile phase on the reteritioa of iodide and iodate.

—A— |odide
—um— |odate

Retention time (min)

0 T T T T T T T T T T T T T
0.03 0.04 0.05 0.06 0.07 0.08 0.09

Concentration of (NH,),CO_(mol L™

Figure 2- 12 Retention time of iodide and iodatdifferent mobile phase concentrations

For the tested conditions, iodide and iodate weparated successfully. The retention
time of iodate did not change under different coiaions of (NH).CO:s. lodide had a
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shorter retention at higher (NJ4CO; concentrations. Finally, 0.06 moll(NH,),COs
(pH 9.4) was selected as the mobile due to the gepdration, the lower salt content
for ICP-MS, and the shorter running time for theolghmeasurement.

The flow rate and connection tubing were also ojzéuh. Flow rate of 1.0 mL mih
and PEEK (Polyetheretherketone) connection tubirg an inner diameter (i.d.) of
125um (Upchurch, Oak Harbor, USA) were chosen due ttebpeak shapes for both
peaks. The injection volume was 0. A chromatogram of 5Qg L™ iodide and
iodate standards is shown in Figure 2-13. The tietertimes of iodide and iodate

were 4.0 min and 1.4 min.

5000
lodate

4000

3000

lodide

2000

ICP signal (cps)

1000 ~

O T T T T T T T T T T
0 1 2 3 4 5

Retention time (min)

Figure 2- 13 lodide and iodate (both &L ™) separation by IC-ICP-MS

Figure 2-14 gives an example of calibration cufeesodide and iodate, respectively.
Excellent linear regressions were found in botlibcalions of iodide and iodate. The
linear ranges are less than 5§ L™ and less than 100y L™ for iodide and iodate,
respectively. The calibrations were run daily feragtifications, providing the R
values better than 0.9. The LODs were respecti@&yg L™ and 0.Jig L™ for iodide
and iodate. The reproducibilities fo§ L™ iodide and iodate (n = 7) were 3.03% and

1.74%, respectively.
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Figure 2- 14 Calibration curves of iodide and iodate

Recoveries of iodide and iodate in the matrix ofrine aerosol sample were
investigated and the results are shown in the T2dleRecoveries of iodide and iodate
ranged from 97.3 — 103.4% and 97.4 — 103.4%, réispée

Table 2- 4 Recovery of iodine measurement in diffenaatrix

Added Measured Recovery Added Measured Recovery

(gLl  (ugL? (%) (gl  (ugL?h (%)

lodide lodate
1 0.99 99.0 0.5 0.49 97.4
2 1.97 98.7 1.0 1.00 100.5
5 4.98 99.6 2.5 2.52 100.9
10 9.73 97.3 5.0 5.00 100
20 20.67 103.4 10 9.83 103.4
50 50.12 100.2 25 24.36 100.2

34



2. Development of Analytical Methods for lodine 8ja¢ion in Marine Aerosols

The blanks of iodide and iodate in the samplingemals including cellulose nitrate,

cellulose fibre and quartz filter were all measuretheir water extracts and were both
lower than the LODs, indicating they are all “clé@nough for aerosol sampling

measurements.
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Figure 2- 15 Typical chromatograms showing iodiddate, and UOI in aerosol samples from differemhgling
campaigns: upper left, P from Mace Head, Ireland; upper right, PMrom North Atlantic; lower left, size
fractionated samples from Mace Head, Ireland; amett right, size fractionated samples from Soutaric.

During the measurements, one organic iodine peak fremuently observed in the
chromatograms of real samples (see Figure 2-1%er8kecommercial organic iodine
compounds were tested for comparison but no simgt@ntion time was found. The
peak was thus called unidentified organic iodin®[lUWithout the available standards,
accurate quantification can be difficult. Howeveire peak was quantified with the
iodide calibration curve because iodine atoms areerted to’lin the plasma prior to
guantification with mass spectrometer.

The IC-ICP-MS method was applied for the measurésnaraerosol samples from the
field campaigns. The results are listed and diszligsthe following chapters.

2) Resultsfrom system 2

The IC-ICP-MS system 2 was setup in Sipplingen katowy (Uberlingen, Germany),
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with which the method for iodine speciation in apu® solution was developed
(Gilfedder et al., 2007b). A Meinhhard nebulizegyalone spray chamber as well as
the AS16 anion exchange column were the key parthis coupling system. They
together provide an enhanced signal and good peages during separation. The
mobile phase was 0.035 mof INaOH for IC column with a flow rate of 0.9 mL rifin
The LODs were both 0.03g L™ for iodide and iodate. The accuracy was checked by
running standard reference material BCR-611, winch groundwater sample with
iodide levels of about 9.4g L™ Concentrations were always within the standard
deviation given in the certificate and deviatedirthe average value by less than 10%.
Typical chromatograms of rain and aerosol sampleslaown in Figure 2-16. Several
UOIs (up to five peaks) also presented using threshod and the first UOI peak was
suggested to be iodoaecetic acid due to the simgtantion time, but without further
confirmation is needed. Description of the reladathples and detail discussion please
see Chapter 3.

1600
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——— MHC rain 8/7
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Figure 2- 16 Typical chromatograms of rain and sefreamples from system 2 ((Gilfedder, 2007))

2.4.3 Summary

Two IC-ICP-MS methods were developed and found ¢oshccessful for iodine
speciation in the aqueous phase. Both were accuansitive and fast methods for
iodine speciation in aerosol and rain samples.dedind iodate, and UOI(s) were
observed and quantified with both methods. Theegysdt is faster in measurement time
but the LODs were lower with the system 2. The ofatograms from the two methods
indicate UOIs measured were not comparable. LedEéks, but with higher amount
was measured in system 1 while more peaks (4-5spaakl lower peak heights of UOI
were found in system 2. Because these peaks dredatiidentified, UOIs in real
samples should be investigated more thoroughllgerfuture.

2.5 M easurement of iodide and iodate using GE-ICP-M S

Gel Electrophoresis (GE) is normally used for safian of large molecules such as
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peptidess, proteins, DNA etc which differ in sizearge and conformation. The gel has
a porous, sponge-like structure allowing the mdiesto pass through it in an electric
field. Agarose is a commonly used material for GEniany applications. Agarose is a
polysaccharide extracted from seaweed. It is tyfyiesed at concentrations of 0.5 to
2%. Agarose gels are non-toxic and easy to prepamixing agarose powder with
buffer solution, melt it by heating, and pour the. grhe gel is immersed within an
electrophoresis buffer that provides ions to cargurrent and some type of buffer to
maintain the pH at a relatively constant value. Wiiee electric field is applied,
molecules migrate toward either the positive oratieg pole according to their charge.
Identically, charged molecules are separated basetheir size. Smaller molecules
move more easily through the gel pores than larggecules.

Although GE is seldom applied for small-moleculas, online coupling of GE and
ICP-MS was developed for the separation and deteatf low-molecular weight
iodine species. The experimental setup of coupsirescribed in detail and is applied
in combination with species-specific isotope duatianalysis to analyze iodide and
iodate in aerosol samples.

2.5.1 Experimentation

1) Reagents

Gel for GE separation was prepared by dissolving SeaKam LE and MetaRjenoae
(both Cambrex, Rockland, MA, USA) in electrode kufdf 0.05 moL™ boric acid
eluent and then loaded into a glass column. Thpapeel column was subsequently
placed in oven at 80 to remove bubbles which block the electron trangteing the
measurement.

Electrode buffer and elution buffer were both 0.05 madl™ boric acid (Suprapur®,
Merck, Darmstadt, Germany) at a pH value of 8.0,dolgling sodium hydroxide
solution (30 %, Suprapur®, Merck). The elution leuf€ontained an internal standard
of 10 pgL™ Te (Tellurium ICP-Standard, 1000 pu, Merck, Darmstadt, Germany).

lodine standard: Potassium iodide and potassium iodate standardh (Bluka,
Deisenhofen, Germany) were dissolved in Milli-Q &ato prepare the different
concentrations of standard? enriched iodide and iodate standardd ¢86 %) (NEN
Chemicals, Boston, MA, USA) were used for specasedic isotope dilution. In order
to prevent an isotope exchange betweéemd IQ the solutions were kept at pH > 6
during storage and analysiSatety note: As '* is a long-lived radioactive isotope
solutions containing enriched iodine were usedimcentrations lower than 100-ud,
which refers to an activity lower than 0.66 @Y.

Gas: argon for the ICP and helium for eluent solutiegassing were both in the purity
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of 99.996 Vol-% (both Westfalen AG, Minster, Geriylan
All solutions were prepared using Milli-Q ultra puwvater.
2) Instrumentation

ICP-M S system

HP4500 quadrupole ICP-MS (Agilent, Waldbronn, Gamg)awas equipped with a
p-flow nebulizer and a cooled double pass sprayntiea (both AHF, Feuerbacher,
Tldbingen, Germany). The ICP-MS parameters werey dagtimized for optimal
detection by continuous injection of 10y § 105 and Te in 50 mmadl™ borate buffer
(pH = 8.0). Details of the operating conditionsdiieroughout this work are given in
Table 2-5.

Species-specific isotope dilution was used for tjfieation. Isotope*4, *#, **%, and
131% e were monitored during the measurem&ft. and*?105 were both quantified by
measuring the ratio df’l/**. For the principle and the calculation of meadurdl
mass, refer to section 2.3.2.

Table 2- 5 Instrumental parameters for the ICP-ygen.

System HP4500

Plasma RF power 1250 W
Cool Gas Flow 20 L mih
Auxiliary Gas Flow 1.0 L mifl

Sample Introduction  Nebulizer Gas Flow 1.0 L thin
Nebulizer Micro-flow (Quartz)
Spray Chamber Cooled Double-pass Spray Chamber
Sampler cone Ni, 1.0 mm orifice
Skimmer cone Ni, 0.7 mm orifice

Acquisition Mode Time resolve
Measuring time 1000 s
Isotopes monitored 1261 127 129 131y e

GE system

GE system (Mini Prep Cell with high-voltage supgPowerPac 3000, Bio-Rad
Laboratories, Munich, Germany) was coupled to €ie-MS for iodine speciation. The
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setup of GE and ICP-MS coupling and the gel elutegion are shown in the Figure
2-17. The separated compounds eluting from theageldirectly released into the
elution buffer within the elution frit. This buffés continuously pumped (100 pohin™)
through an outlet (1.5 mm diameter) in the dialyssmbrane into a tube, which is
directly connected to the membrane. The membrase maolecular weight cut-off of
3.5 kDa and ensures the electrical connectiongdaiiver electrode buffer. The dialysis
membrane is fixed by a support frit for practiesons (Bruchert et al., 2007).

Table 2- 6 Optimized operating parameters of thes@&Eem.

Parameter

\oltage 250 - 300V

Electrode buffers 0.05 mhbl* boric acid, pH = 8.0

Eluent 0.05 malL™ boric acid, pH = 8.0, 10 Hg" Te
Injection volume 10 pL

Gel length 5cm

Geli.d. 2.2 mm

Gel materials Agarose

The injection volume was 10 pL with normal pipetiEppendorf AG, Hamburg,
Germany). Prior to analysis all analyzed solutiovese diluted with*1 enriched
iodide and iodate mixed solution and glycerol (83Whn) aqueous solution, Acros,
Geel, Belgium).

Upper Electrode
|| P

High Voltage
Generator | — Upper Buffer

— |
Elution Buffer

|__—— Sample

\

Gel
Elution __— \ Pump
Region @ ICP-MS
e il
Lower Buffer Lower Electrode
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Gel Glass Column

Elution Buffer Elution Buffer

_ | . — Dialysis Membrane

Elution Frit

Support Frit to ICP-MS

Figure 2- 17 Experimental set-up: (a)GE-ICP-MS cmgpl(b) Gel elution region.

2.5.2 Results and Discussion

Operating parameters, such as gel concentration lamgth, voltage, etc. were

systematically investigated for the optimizationiadide and iodate separation. The
optimized conditions are summarized in Table 2-6dé&r these conditions the
precision of migration times was lower than 2 %=N) for both species in the same
separation gel. The gel made at different timeabéesd to the retention time differing
lightly. The shorter gel lengths could also reddlce total analysis time without

reduction of the electrophoretic resolution. Howewtronger matrix effects on the
electrophoretic behavior of iodide resulted in asatisfying separation, which made
the use of longer gels necessary (Bruchert e2@07).

4000
lodide
lodate
3000 |
—
%)
o
(&)
N
]
c
D2 2000
7]
o
)
1000 —+
0 T T T T T T T T T T
0 2 4 6 8 10 12

Retention time (min)

Figure 2- 18 Eletropherogram of 6 L™ iodide and iodate standard
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The LODs were both 0.hg L™ for iodide and iodate in this system. Replicated
injections (n = 7) showed a precision below 5%Gatd. L™ level for both species. The
recoveries were both 100 £ 5%. As is shown in thetr&pherogram of iodide and
iodate mixed standards (Figure 2-18), iodide addt® were successfully separated.
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Figure 2- 19 Unknown peaks shown in the aerosoptanollected by Berner impactor cascade sampler Mace

Head, Ireland.

The method was also applied to the water solulllg@speciation in marine aerosol
samples. The data are presented and discussedptec!3. During the measurement,
unknown peaks (UOIs) were observed in the eletnmgrams. Normally two
unknown peaks were found in addition to iodide muthte peaks in the real samples
(Figure 2-19). The two peaks are still unidentifeethe gel was not stable and it needs
to be re-prepared after days of using. With thghsldifference of preparation every
time, it seems hard to obtain the unknown peaks fiee real samples. Therefore, more
investigations are worth performing on the unknowagine species in marine aerosol

samples.

2.5.3 Summary

An online GE-ICP-MS technique was developed fordedand iodate measurement in
marine aerosols in they L™ range ! enriched iodide and iodate standards were used
for the quantification of species-specific isotapkition. The method applied in real
aerosol sample measurements was found to be senaitd reliable. Unidentified
peaks were also observed with this method in magnesol samples from Mace Head,
Ireland. The method also demonstrated that GE lgasa potential for low-molecular
ion separation. With coupling to ICP-MS, it coulddome a promising technique for

element speciation.
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3. Field M easurement during MAP Campaigns

lodine chemistry has attracted attention recentlg tb its role in the new particle
formation in the MBL (O'Dowd et al., 2002b). Volatiiodine species such asdnd
iodocarbons are emitted from marine macroalgaeerA# series of atmospheric
reactions under UV radiation, iodine species akertaup into aerosols in the marine
atmosphere. If this phenomenon occurs on a la@e,stcould have significant effects
on climate(Kolb, 2002). The finding has encouratiedresearch on iodine chemistry
at Mace Head, Ireland, a hotspot for the studyem particle formation from natural
sources. Here the sampling campaigns in EU-proj®AP” (Marine Aerosol
Production from Natural Sources) are introducece fésults of iodine speciation in
marine aerosols from the ship cruise over the Nattantic Ocean and at Mace Head
are shown and the characterizations of iodine spetie discussed.

MAP is a European Union integrated project invodvir6 different institutions. One of
the key objectives is to focus on new aerosol feienamechanisms, including the
iodine-related nucleation in the MBL. The investiga of various iodine species in the
gas phase and particle phase as well as the redatp between iodine and marine
organisms such as macro and micro algae are thepaitts of the project. The parallel
campaigns were conducted at Mace Head Atmosphesedch Station (MHARS),
Ireland and on th€eltic Explorer scientific vessel over the North Atlantic Ocearhea
summer of 2006. Different sized aerosols such agsPRM;o, and size fractionated
aerosols (5 stages, smaller than kfl) were collected for iodine speciation. The
characteristics of different iodine species weuelistd in both campaigns to enlarge the
database of iodine investigation in the MBL.

3.1 Methodology

3.1.1 Sampling

1) Mace Head Campaign (MHC)

MHARS is located on the west coast of Ireland aB5N, 9.9° W (see Figure 3-1).
The atmosphere there is not strongly polluted asdttminant wind direction is from
the west, with a long fetch over the North Atlan@zean (Huang et al., 2001).
Aerosols collected at MHARS are regarded as thi&draand natural aerosols mainly
influenced by the marine environment.

The MHC was conducted from June 13 — July 5, 200@. sampling point was set
about 100 m from the tidal zone where there ard lignsities of macroalgae. A
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virtual impactor PMs sampler, hi-vol PNy sampler, and Berner impactor cascade
sampler (5 stages with fractionated size rangé830- 0.25um, 0.25—-0.7um, 0.71 —
2.0um, 2.0 — 5.9um, 5.9 — 10um) were all applied during this intensive sampling
campaign. The working flow rates were 1.8t and 4.5 mh*, for virtual impactor
and Berner impactor, respectively. No samplingimterference happened between
them due to the relatively low sampling flow. THere, the virtual impactor and
Berner impactor were fixed on a supporting bragkiét a self-conducted water-proof
roof. The pumps were housed inside the station.A¥Mg sampler was placed about
100 m away from the other samplers due to its ivelgt high flow of 68 ni h™.
Cellulose nitrate filters were used for the virtirmapactor and Berner impactor while
the PMo sampler was equipped with quartz filters. For gpecifications of selected
filters please see section 2.1.2. During the samgpberiod, PMy sampler had fatal
pump failure causing only limited samples collecti@herefore, Py samples are
mainly used for the comparison of SOl measuremspe@ally for verifying the
existence of UQOIs.
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Figure 3- 1 Location of Mace Head Atmospheric Rede&tation, Galway, Ireland.

During the sampling, morning (8:00 — 14:00), aftemn (14:00 — 18:00), and night
(18:00 — 8:00) PMs samples were collected on every sampling daywvesiigate the
diurnal variation. For PMyand fractionated size aerosol sampling, day (8:08:00)
and night (18:00 — 8:00, +1 day) samples were taledy.

After sampling, PMs and size fractionated samples were stored in 50 mL
Poly-propylene vials (GREINER BIO ONE, Frickenhaus&ermany). PN filters
were folded then covered with aluminum foil andetbin separate sealed plastic bags.
All of the samples were stored in a freezer atfleas 20C to prevent any unexpected
loss of volatile compounds.

Rain samples were collected at two locations dutiregperiod of MHC: firstly from
the MHARS and secondly from a small cottage ab0Gtr2 inland from the MHARS.
The samples were collected directly with a polygtepe funnel (pre-cleaned with
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Milli-Q water) draining into the sample bottles.
2) Cdltic Explorer Campaign (CEC)

To investigate the iodine species in marine aesogobpen ocean area, the CEC was
conducted during June to July 2006. There werelégs of the campaign: one from
June 12 to June 22 and the other from June 25Ilyo5JDuring the campaign, the
activities of plankton were monitored by the fluoreter.

For aerosol collection, one virtual impactor PMampler was placed on the deck of
the vessel to sample BMlparticles. The PMs sampler was the same as that used at
MHARS, operating with a flow rate of 1.5°h™. Cellulose nitrate filters were also
used. During the campaign, day (8:00 — 18:00) aghkitr{18:00 — 8:00) samples were
taken on every sampling day. The samples weredstora freezer at less than'20
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Figure 3- 2 Sketch map of the path of Celtic Explwrer the North Atlantic Ocean (a) the first legnd 12 — 21,
2006; (b) the second leg, June 25 — July 5, 2006

3.1.1 Chemical Analysis

The chemical analysis consisted of the measurenwdntistal water soluble iodine
(TSI), total insoluble iodine (TlI), and the spdma of water soluble iodine in aerosol
samples. TSI and water soluble iodine speciatiorewgade in the rain samples. The
pretreatments and analytical methods are all thgirguintroduced and discussed
above (see Chapter 2).

The aerosol samples were firstly extracted witluldrasonic assisted water extraction
process. The TSI was measured either by the HP4680rupole ICP-MS (Agilent,
Waldbronn, Germany) or by the Elan 6100 ICP-MS KiPeElmer, Waltham, USA).
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The water soluble iodine species were measurectrelily IC-ICP-MS system 1
equipped with G3268A IC column (Agilent, Waldbron@ermany) or by the
IC-ICP-MS system 2 with AS 16 IC column (Dionex, dilingen, Germany). A
detailed description of these two analytical systare presented in section 2.4. The
TIl was pretreated with an TMAH extraction at'©0for 3 hours and then measured
with the HP4500 quadrupole ICP-MS.

Rain samples were measured by Elan 6100 ICP-MSbtairo TSI amount and by
IC-IC-MS system 2 for water soluble iodine speciati

lodide and iodate could be successfully separatedl measured with the two
IC-ICP-MS system. The soluble organic iodine (S@dps calculated as the difference
of TSI and the inorganic iodine species (iodide iaadte). Meanwhile, unknown peaks
were found in almost all of the aerosol chromatograand rain samples. One big
unknown peak was detected with G3268A IC column 4&dsmall unknown peaks
were found with AS 16 IC column. Different commaitdodo-compounds were used
to check the unknown peaks. Only the first unkngeak eluting out of the AS 16
column was found to have similar retention timéado-acetate. Other unknown peaks
in both columns remain unidentified so far. Theg aamed as unidentified organic
iodine compounds (UQIs). The UOI concentrationsanprantified by using the iodide
calibration curve because iodine atom is convetted” in the plasma prior to
guantification with mass spectrometer. Neverthele$srge of TSI was not eluted from
the both IC columns and this part remains unknontri now.

3.1.3 Additional I nformation

Meteorological data have been simultaneously obthifrom both campaigns
including temperature, pressure, wind strengthdwdirection etc. Tidal Height data
were obtained from website of Easy Tidétt://easytide.ukho.gov.ikk The
fluorescence data were collected to show the &ietsvof phytoplankton along the path
of CEC. Airmass back trajectory were calculatechg$iYSPLIT model (FNL data set)
from NOAA Air Resources Laboratory.

3.2 Reaults and Discussion

3.2.1 PM,sduringthe MHC and CEC

There were two virtual impactor RPMsamplers placed parallel in the MHC and CEC.
The results of the different iodine species inBflom both campaigns were listed in
the table 3-1 and 3-2.
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Table 3- 1 Concentrations of iodine species in,PMarine aerosols during the MHC (n = 57)

lodine species Range Median Average
P (pmol/n?) (pmol/nt) (pmol/n?)
Total soluble iodine (TSI) 47.25 — 1533.00 240.87 335.69 + 279.27
Total insoluble iodine 3.39 -573.74 105.37 140.70 £117.96
(T
Soluble organic lodine 26.33 — 1262.72 213.77 297.36 £ 234.32
(SOI)
lodide 1.55-323.03 11.44 32.89 + 62.61
lodate 0.22 — 45.83 2.28 5.44 +8.16

a. standard deviation

All iodine species were found to be considerablyialde in PM s during both
campaigns. The TSI concentration was higher thannTlPM, s during the MHC. It
ranged from 47.25 to 1533.00 pmofwith a median of 240.87 pmolfnhigher than
TIl ranging from 3.39 to 573.74 pmolhwith a median of 105.37 pmol tnHowever,
TSl in PM, s from the CEC was much lower than that at Mace Haading from 16.71
to 561.01 pmol M with a median of 119.10 pmol ™ The TII level was similar to
those observed during the MHC with a median of @ pi®ol m®. Comparable levels of
TSI and TIl were found in the samples from CECsuUggested that the sources of

insoluble iodine may widely spread and contributaerto the samples from the open
ocean.

Table 3- 2 Concentrations of iodine species i, PMarine aerosols during the CEC (n = 32)

lodine species Range Median Average
P (pmol/nt) (pmol/nt) (pmol/nT)
Total soluble iodine (TSI) 16.71 —561.01 119.10 160.83 + 14782
Total insoluble iodine  18.54 —592.96 97.88 135.94 + 152.47
(T
Soluble organic lodine  9.04 — 509.88 113.93 151.46 £ 142.49
(SOl)
lodide N.DP — 49.55 2.87 5.93 +9.67
lodate N.D. —29.88 1.21 3.44 + 6.46

a. standard deviation; b. not detectable

The PM ssamples were taken during the morning, afternoahreght at Mace Head.
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In the most cases, TSI in the morning and theradtan samples (medians, 337.37 pmol
m* and 302.31 pmol H) respectively) were both higher than observechiriight
samples (median, 148.67 pmofmThe temporal variation of TSI in PMduring the
MHC was displayed in the Figure 3-3.
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Figure 3- 3 Temporal variations of the TSI durihg MHC sampling period.

There were three peak values of TSI found duriegsimpling period, which were on
June 15, June 23 and July 2. The CPC (Condendéiditle Counter) data (including
D >3 nm, D >5nm, and D > 10 nm) during this tipggiod are shown in Figure 3-4.
The relations can be found between the CPC datattendevels of TSI in Pl
Nucleation can be seen from the CPC data on thew#ly higher TSI concentrations,
indicating the relationship between the particleaggh iodine and the new patrticle
formation. However, the nucleation seems quite waaklune 15 and July 1, and is
probably insufficient to clarify the reason for thigh TSI on June 15.

Meteorological data including temperature, windgediron and speed, tidal height, rain
fall and so on were collected and analyzed to detex their influence on the iodine
species variations. The three enhanced concemsapieriods are found all located
during or near the periods of low tidal height. Dgrthe sampling period, there were
two low tidal height periods which were from Jurgta June 17 and from June 23 to
July 1 (see Figure 3-5). Low tide is consideredoasitive factor for the release of
volatile organic iodine (VOI) such agdnd iodinate hydrocarbon from the macroalgae
in the coastal area due to the exposure of mageealuring low tide periods (O'Dowd
et al., 2002b; Chen, 2005). Nevertheless, the lativa between the TSI and the tidal
height is not strictly correlated.
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Figure 3- 4 CPC data in several selected days iMtHE
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Rainfall was found to be another important factéecing the variation of TSI. Heavy
raining took place during June 17 — 20, June 256—a@d June 29. Low TSI
concentrations were observed on these days. Obyjoust deposition played an
important role on the TSI variation. It also expRwhy the highest TSI concentrations
were not observed on the days with lowest tidergstingly, the TSI concentrations on
June 15 especially in the morning and the afterrm@nextremely high, suggesting
something unknown should happen on that day cartini to the high iodine loading.
This peak also observed in the size fractionatedpsss which are discussed as

follows.
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Figure 3- 5 Variation of tidal height during the MHsampling period (June 13, 2006 — July 4, 2006)

As is shown in Figure 3-6, the TSI concentratiomirythe CHC was variable. The
ranges during leg 1 and leg 2 were comparable. tNigimples contained higher TSI
concentrations than the day samples. Because #selvencountered a heavy, the
sampling was halted after June 19, leading todassples being collected on the first
leg of CEC. The TSI concentrations were still ergeghcollected on June 13 and June
15, which is difficult to interpret as variable vileer conditions occurred during these
days. However, the influence of rain on TSI wasiradaund. For example, after a
heavy shower on June 17 and continuously lighimgion the following days, it led to
low levels of TSI being observed. During the seclagdof CEC, a clearer trend could
be found in the TSI. The enhanced TSI levels anedao be related to the activity of
the marine phytoplankton which was onboard monatdrg a fluorometer. The peak
values measured on June 29 and July 2 match hagtilye phytoplankton activities,
whereas low values of TSI on June 27, June 30 alyd3Jalso correlate with the low
phytoplankton activity period. Although the meclams are still not clear, the
relationship between TSI and the phytoplanktonvagtihint at a very important
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possible source of the oceanic iodine emissions.
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Figure 3- 6 Temporal variation of TSI in Biin the CEC

The morning and afternoon TII concentrations duthmg MHC were also higher than
nighttime samples, which is similar to the trend’8i. Median morning, afternoon and
night concentrations were 141.17 pmof,m.09.77 pmol i, and 60.50 pmol i
respectively. The TIl variation during the MHC wiasonsistent to the TSI variation,
indicating the controlling factors may be differdmdm those for TSI. No evident
correlation was observed between TII and the melegical data during the MHC.
During the CEC, the diurnal variation of TIl werdferent with higher nighttime TII
levels (median, 99.46 pmol T than daytime TII levels (median, 59.20 pmof)m
Also, no clear trend or correlation could be foumdhe TII variation during the CEC.
TIl has been seldom investigated in the previossaech and the formation mechanism
of insoluble iodine in the MBL is still an open atien. More effort should be put into
TIl characterization as well as its formation medkms to clarify its contribution to
the iodine chemistry in the MBL.

During both campaigns, inorganic iodine, namelydednd iodate, were less abundant.
lodide and iodate ranged from 1.55 — 323.03 pmdland 0.22 — 45.83 pmol ™
respectively, accounting for 0.9 — 30.9% with a raedf 5.8% for iodide and 0.1 —
20.2% for iodate with a median of 0.9% in TSI in Mrom the MHC. Even lower
levels of iodide and iodate were observed durirg@GEC. Indeed iodide and iodate
were not detectable (N.D.) in some of the sampiaes fthe CEC. lodide was in the
range of N.D.— 49.55 pmol frwhile iodate ranged from N.D. to 29.88 pmof.rithey
accounted for 0 — 57.5% with a median of 1.9%ddrde and 0 — 23.4 with a median of
1.0% for iodate. The low enrichment of inorganidine in marine aerosols was in
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accord with the previous studies (Baker et albD@®Baker et al., 2001; Baker, 2004, ,
2005).
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Figure 3- 7 Temporal variations of iodide and iediatPM s during the MHC.

The temporal variations of iodide and iodate duthrgMHC are shown in Figure 3-6.
The variation of iodide is similar to that of T8ldicating the release mechanisms may
be coupled. Again the tidal height and the raindélthe site might influence on the
variation. lodate showed an increase between J2re2Z and also during July 3 — 4
especially for the morning samples (8.71 — 29.8®lpm>). The back trajectories
arrived at Mace Head during June 24 — 27 and July43show the airmass passed
through the terrestrial area instead of ocean istroases. The influence of terrestrial
sources may be potentially favorable for the forarabf iodate. Figure 3-8 shows a
statistic box chart showing the iodate/iodide ratid®M, s during the MHC and CEC.
Only with a few exceptions (most of them were i@ thorning), the iodate/iodide ratios
were lower than 1 with medians of 0.25, 0.24, ad@ (for the morning, afternoon, and
night samples, respectively. Day samples obviolsly more iodate while more
variable ratios were found in the morning. Variabdeate/iodide ratios were also
observed in the day and night samples during th€.dle medians of day and night
iodate/iodide ratios were 0.33 and 0.32, respdgtivedide in both campaigns was
shown to be the more dominant inorganic iodine iggeion PMs. This phenomenon
has been frequently reported in aerosol sampldeiMBL (Baker et al., 2001; Baker,
2004, , 2005; Chen, 2005; Gilfedder et al., 20@8hnises a serious question about the
current understanding of iodine chemistry in then@dphere. According to the
modeling simulations, iodate is more dominant iedpecies because it is more stable
and can accumulate when aerosol ages (McFiggahs 2000; von Glasow et al., 2002;
O'Dowd and Hoffmann, 2005). To date the gap betvileearetical simulation and the
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filed observation is not clear yet though more @ffavere put in to fill in it(Pechtl et al.,
2007; Gilfedder et al., 2008).
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Figure 3- 8 lodate/iodide ratios in Blin the MHC and CEC.

SO, which is termed as the difference of TSI amatganic iodine (iodide and iodate),
was the most abundant iodine fraction in the dHte. percentages of SOI in TSI from
Mace Head were 55.7 — 98.6% (median, 93.0%) andl-33.00.0% (median, 95.9%)
during the CEC, respectively. The high percentag8@l in TSI in both campaigns

suggests a large role for organic iodine in thesdruptake mechanisms of iodine
compounds in the MBL, which was also emphasizegt®yious research (Baker,
2005). The SOI percentage in TSI was considerafplyen than other campaigns in the
Atlantic Ocean (Baker, 2005). However, the invetimn and estimation of organic
iodine were made not only in the aerosol sampldsalao in the hydrosphere and
precipitation such as rain and snow (Wong and Ch2d@l; Gilfedder et al., 2007b;
Gilfedder et al., 2008). The ubiquitous existentermganically bound iodine in the

different iodine sinks shows its important conttibo to iodine chemistry. However,

not many studies have determined the organic icgjeeies as well as their formation,
pathway and fate in the MBL. There is a growinglizaéion that participation of

organic matter in the iodine chemistry is of impote for improving the current
understanding to a large extent (Baker, 2005; Petht., 2007; Gilfedder et al., 2008).

Correlations between SOI and iodide were obsermelN, s during the MHC (see
Figure 3-9). The regression coefficient$)®ere all higher than 0.5 (P < 0.0001) in the
morning, afternoon, and night datasets, sugges$iiagiodide formation is related to
the organic iodine decomposition (Baker, 2005; &sitfer et al., 2008). lodinated
marine gels or colloids can be ejected into theoaphere by bubble busting processes
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from the ocean surface (Leck and Bigg, 2005; Bi2@Q7; Leck and Bigg, 2008)
Under sunlight exposure, they may be photolysddrta smaller iodinated compounds
and iodide. This is further suggested by the numtferobservations of iodide
enrichment being significantly higher during theg dampared to the night. It is shown
here that lower slope of regression was found & afiternoon dataset due to the
stronger solar radiation.
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Figure 3- 9 Correlation between SOI and iodideMy,Pduring the MHC

During the CEC, an of 0.568 was found between SOI and iodide dutiregfirst leg
(0.718 and 0.545 for the day and night datasepect/ely), while no correlation was
shown during the second leg data. The differenteden the two cruise legs shows the
complexity of the relationship between organic madformation and iodide, especially
over the open ocean area.

As is mentioned at Section 2.4, IC-ICP-MS was uiediodine speciation in the
soluble iodine fraction in Pi%. Two IC columns, G3268A and AS16, were chosen for
the separation of iodide and iodate. Several ocgandine peaks (UOIs) were also
found in the chromatograms (see Figure 2-15 andr€ig-16). One UOI was eluted
between iodide and iodate peaks with G3268A ICrooland it was termed as UOI-0.
Five UOIs were separated by AS16 and are namedXslJUOI-2, UOI-3, UOI-4,
and UOI-5. Meanwhile, PhN samples collected on quartz filter were also exéc
with water and measured with both IC columns. Tdraes species (iodide, iodate, and
UOIs) were detected using both columns. Quarter§iltare regarded as the ideal
sampling medium for organic aerosols due to itsti@ee contamination levels as well
as to its relative inertness and ability to be bla&ehigh temperature to remove trace
organic contaminants. The sample detection foutntden cellulose nitrate filter and
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quartz filter showed the UOI peaks were real irdt&faa filter artifact.

Table 3- 3 Unidentified organic iodine (UOI) in B¥during the MHC by IC-ICP-MS

Column Uol Range Median (pmol/m) Average
(pmol/nt) (pmol/nt)
MHC
G3268A° UOI-0  1.54-814.47 89.08 168.68 + 215°48
AS16° UOI-1 N.DY-3.71 0.85 1.06 +0.91
UOI-2 N.D. - 1.40 0.47 0.61 + 0.37
UoI-3 N.D. -1.31 0.61 0.65+0.29
UOI-4 1.28 - 15.93 6.78 6.28 + 3.60
UoI-5 N.D. — 1.66 0.92 0.97 +0.39
CEC
G3268A  UOI-0  4.12.-256.61 28.33 60.53 + 61.19

a. samples on June 13 — 16, June 21 — 24, 273uBB] — 4; b. standard deviation;

¢. samples on June 17 — 20, 25 — 26, 29; d. nettiddle.

The UOI concentrations are listed in Table 3-3. fidwilts from the two columns were
not comparable due to not only the number of p&akslso the level of UOIs. UOI-0
eluted by G3268A column was normally at a much @igltoncentration than any of the
five UOIs found by AS16 column, accounting for 2b.df TSI. ICP-MS was shown to
be a sensitive detection method for organic iodie¢ection. However, the high
temperature (> 6000K) of ICP makes the fragmentsuiimble for structural
identification. After the successful separation iofline species, an electrospray
ionization ion trap mass spectrometry (ESI-ITMS,Itd@ics HCT-Plus, Bruker,
Bremen, Germany) was coupled to the IC column ¢ryto get the structural
information of the UOI-0. However, no fragments &dound in the mass spectra,
indicating that the ESI is not an appropriate seuar the ionization of UOI-0, or
UOI-0 is a mixture of a molecular clusters of orngaily bound iodine which were
individually not enriched enough for MS detectioachuse of its lower sensitive
detection than ICP-MS. With the separation usind&3JOI-4 was the more abundant
than other four UOIs with an median of 6.78 pmal. Mifferent kinds of commercial
soluble organic iodine standards were injected rin attempt to identify these
compounds. The retention time of iodoacetic a@ddard was similar to that of UOI-1
but no further proof was found to confirm this. Téfere, all of these peaks remain
unidentified. Although UOIs were eluted in bothwains, on average, 29.8 + 31.8%
and 84.9 £ 7.4% of TSI in PM during the MHC were not eluted out with G3268A and
AS16, respectively.
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The successful application of IC-ICP-MS to solublganic iodine speciation gives
definitive proof of the existence of SOI, rathearthonly based on mass balance
calculation. The unidentified peaks are most likehyonic organic iodine species, as
they are efficiently separated by anion exchangie rehich was initially developed for
polarizable anion separation. Nevertheless, itfidlt to gain a better understanding
of SOI in aerosols without obtaining any structundbrmation. This should provide a
clearer direction and motivation for further resdaof SOI.

3.2.2 Sizefractionated aerosols duringthe MHC

lodine concentration and speciation in the difféigages of the Berner impactor size
fractionated samples are presented in the Table 3-4

Table 3- 4 Concentrations of iodine species in Sagtionated samples during the MHC

lodine species Range Median Average
(pmol/nT) (pmol/nT) (pmol/nT)
Stage 1 (0.085 — 0.26m 9
Total soluble iodine (TSI)  5.17 - 271.70 59.30 29:%3.40°
Total insoluble iodine (TIl) 2.80 —213.15 56.68 JA+63.94
Soluble organic lodine  5.17 — 248.77 58.14 76.11 £61.10
(SOI)
lodide N.D.c—26.12 1.30 3.15+4.98
lodate N.D.-7.76 0.31 0.78 +1.46
Stage 2 (0.25 — 0.7dm)
Total soluble iodine (TSI)  9.07 — 428.40 64.00 81.93 +79.20
Total insoluble iodine (THl) 12.57 —164.04 45.55 8.4b + 43.49
Soluble organic lodine  8.20 — 377.94 60.90 77.72 +73.59
(SOl)
lodide N.D. —46.99 1.89 412 +7.73
lodate N.D. -3.47 0.32 0.46 + 0.59
Stage 3 (0.71 — 240m)
Total soluble iodine (TSI)  3.13 -526.73 52.08 BAED1.65
Total insoluble iodine (TIl) 11.39 —101.12 38.58 6.8 + 34.02

To be continued
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Continued
Soluble organic lodine  1.42 — 504.51 48.91 74.56 £ 91.65
(SOI)
lodide N.D. — 55.57 1.69 4.30+9.12
lodate N.D. -2.93 0.31 0.59+0.71

Stage 4 (2.0 — 5.0m)

Total soluble iodine (TSI) 11.51 — 287.63 64.81 78+ 62.88
Total insoluble iodine (TIl) 18.79 — 80.36 42.88 GB+19.73
Soluble organic lodine  6.14 — 272.04 60.34 74.56 + 91.65
(SOl)
lodide N.D. -11.10 1.94 2.62+2.25
lodate N.D. -2.93 2.01 3.05+2.94

Stage 5 (5.9 — 1040m)

Total soluble iodine (TSI)  5.10 — 260.54 51.28 B14465.15
Total insoluble iodine (TIl)  0.99 — 103.62 25.47 B2+ 36.77
Soluble organic lodine  3.41 —242.75 44.64 66.58 + 63.17
(SOl)
lodide N.D. -19.91 1.92 3.44 +4.73
lodate N.D. -15.11 1.10 1.75+2.59

a. cutoff size; b. standard deviation; c. not detele

The TSI levels (medians) in five stages were indifuer of stage 4 ~ stage 2 > stage 1 >
stage 3 ~ stage 5, although little difference viaswé between them. Stage 1 — 3 collect
aerosols sized lower than Zuftnh, which suggests fine particle mode is importamnt f
TSI gathering in marine aerosols. The highest dHaentration (median, 56.68 pmol
m®) was observed in the stage 1 with the smallesicfmsize range of 0.085 — 0.2,
more than two fold of that in the coarsest staggth size range of 5.9 — 1in (median,
25.47 pmol 7). The TIl concentration in the stage 1 was comiglaréo TSI, while
lower TII levels were measured in other stages.

Inorganic iodine (iodide and iodate) was only aanifnaction of TSI. The percentages

(medians) of inorganic iodine (sum of iodide andiaite) increased as the particle size
increases in the order of 2.1%, 4.0%, 5.4%, 7.5%,6a7% from stage 1 to 5. In stage
1 — 3, iodide was the dominant inorganic speciéh, eoncentrations 4 — 6 times higher

than iodate. However, comparable iodide and iodateentrations were found in stage
4 and 5 with particle size ranges of 2.0 — 5.9 &r@l— 10um, respectively. This
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indicates a higher iodate loading in coarse modghést iodide and iodate were found
in stage 4 (2.0 — 5.am) with the medians of 1.94 pmoland 2.01 pmol
respectively. The iodate/iodide ratio was foundha 5 stages in the day and night
samples (Figure 3-10). The median ratios duringdine were slightly higher than at
night especially in stage 4 (median 1.45 duringdiéng and 0.36 at night, respectively).
The statistical results show similar variation agptime 5 stages during the day and the
night samples. The ratios in stage 1 — 3 (fineigarsize) were found to be consistent
with that observed in PM during the MHC and CEC with values (medians and
averages) lower than 1, showing that the iodide mvase abundant in the small size
particles. However, in stage 4 and 5, more varigadies were found during both day
and night samples. The medians and averages diefamtide ratio in stage 4 were
observed to be the highest. Since iodide was exlsewariable between the different
stages, higher iodate/iodide ratio in coarse saéighes implies the iodate formation
and uptake happen mainly in coarse size range.
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Figure 3- 10 Statistical chart of ratio of iodatelide in 5 stages of Berner impactor during dayragtt samples

SOl was the dominant iodine species of TSI in tze factionated aerosol samples
from Mace Head, ranging from 92.5 — 97.9% ovestabfes. This is consistent with the
results from the Pl during the MHC, emphasizing the importance of 8Qdarticle
phase iodine chemistry. The correlation between &W@liodide was analyzed in day
and night dataset as well as in different stagamif®ant correlations between SOI
and iodide were found in stage 2 and stage 3 vploite correlations were observed in
other stages. In stage 2 (0.25 — @M}, a significant diurnal difference was found that
the regression coefficient fRwas 0.787 (P < 0.0001) in day samples but poor
correlation (B = 0.131) was found in the night samples. Theiatieh is likely to
correspond with the influence of solar radiationorBbver, when samples from the

57



3. Field Measurement during MAP Campaigns

sunny days were selected and an even better disrel@as observed, with an’Rf
0.823 (P < 0.0001). This verifies that solar radiatis an important factor for the
relationship between SOI and iodide. It also stlpraypports the hypothesis that
iodide can be formed through the decomposition@if @aker, 2005; Gilfedder et al.,
2008). In stage 3 (0.71 ), significant correlations between SOI and iodidre
observed both in day and night samples with theetation coefficients (B of 0.748

(P <0.0001) and 0.703 (P < 0.0001), respectivathywiously, processes operated during
the night may affect the correlations in this siaege. Nevertheless, samples collected
on sunny days still have better correlation betwienSOI fraction and iodide {R:
0.820), suggesting solar radiation was an impoftator for aerosol iodide estimation.
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Figure 3- 11 Correlation between SOI and iodidstage 2 of Berner impactor

The correlation coefficients found in stage 2 (dagyl stage 3 (day and night) were
higher than those in PM(R? > 0.5). The stage 1 — 3 refer to the size randeQs5 —

2.0 um which is not exactly equal to the size range BB (< 2.5um). The poor
correlation in the range of 0.085 — 0,25 (stage 1) can also deteriorate the correlation.

The soluble iodine were measured by IC-ICP-MS with IC columns (G3286A and
AS16). Again, UOI-0 with large amount was elutedd@B286A and five UOIs (UOI-1
— UOI-5) were separated by AS16. The data of thésla@e listed in Table 3-5. UOI-0
had the median concentrations of 39.74 — 49.32 pritdh the five stages, accounting
for about 60% of TSI. As is discussed above, thrgd proportion of TSI may be
related to a mixture of organic iodine species imatre evidence is needed. UOIs
measured by AS16 IC column were at much lower cainggons and not every peak
was found in each chromatogram. UOI-4 was the mloghdant among the UOIs and
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was seen in most of the chromatograms. Its coratgonrranged from 0.71 to 2.01
pmol m* (medians), which was similar to iodide and iodi&eels. These organic
iodine peaks are remain unidentified until now tpoulifferent commercial standards
have been tried.
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Figure 3- 12 Correlation between SOI and iodidthexsample stage 3 of Berner impactor

Although iodide, iodate and some UOIs were founthenchromatograms, a large part
of SOI was not eluted out of both columns. On ayer&7.0% and 86.3% of SOI in
size fractionated aerosol samples from the MHC nadgetained by G3268A and AS
16, respectively. In the future, other techniqueyrna necessary to be applied in the
further to the identification and quantification@fyanic iodine in particle phase.
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Table 3- 5 Concentrations of UQIs in size fractiedasamples in the MHC

lodine species Range Median Average
(pmol/nt) (pmol/nt) (pmol/nt)
Stage 1 (0.085 — 0.26m 9
uoI-0° 1.57 — 146.81 39.74 51.14 + 3546
UoI-1°¢ N.D.®—1.66 0.16 0.33+0.55
uol-2°¢ N.D. -1.08 0.17 0.28 +0.31
UOoI-3° N.D.-0.23 0.17 0.15 +0.07
UolI-4°¢ 0.06— 4.02 0.71 1.22 £1.25
UOI-5°¢ N.D. - 4.42 0.20 1.08 +1.87

Stage 2 (0.25 — 0.7im)

UoOlI-0 7.46 — 136.64 41.49 50.69 + 34.65
uol-1 N.D.-0.59 0.09 0.17+0.18
Uol-2 N.D. -0.37 0.11 0.13+0.11
UoOlI-3 N.D.-0.25 0.13 0.14 + 0.06
uol-4 0.14 - 3.67 1.07 1.22+0.91
UoOlI-5 N.D. -3.22 1.63 1.63+2.25

Stage 3 (0.71 — 240m)

UOI-0 16.77 — 131.26 42.40 49.52 +27.18
UOI-1 N.D.-0.85 0.19 0.26 £+ 0.24
UOI-2 N.D.-0.51 0.17 0.20 £0.15
UOI-3 N.D.-0.16 0.14 0.11 + 0.05
Uol-4 0.19-2.84 1.23 1.44 +0.94
UOI-5 N.D.-3.85 0.34 141+2.12
Stage 4 (2.0 — 5.8m)
UOI-0 10.94 — 130.43 49.32 53.95 + 28.46
UOI-1 N.D. -0.44 0.10 0.14 +£0.12
UoI-2 N.D.-0.15 0.09 0.08 + 0.04

To be continued
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Continued
UOI-3 N.D.-0.21 0.08 0.11 + 0.06
Uol-4 0.23 -5.46 2.01 1.45+1.45
UOI-5 N.D.-0.15 0.12 0.12 +0.04
Stage 5 (5.9 — 1040m)

UolI-0 2.96 — 163.40 39.79 50.77 £ 36.99
UOI-1 N.D. -0.30 0.17 0.18 +£0.09
UOI-2 N.D.-0.97 0.10 0.19+£0.26
UOI-3 N.D. -0.15 0.09 0.09 +£0.04
Uol-4 N.D. -4.65 1.43 1.77 +1.30
UOI-5 N.D. - -

a. cutoff size; b. samples on June 13 — 16, JureZ, 27 — 28, July 1 — 5 and measured by G3263A |
column; c. samples on June 17 — 20, 25 — 26, 29readured by AS 16 IC column; d. standard deviation
e. not detectable

Mass size distribution was made on the differertine species. The data was
normalized by the logarithm of impactor size rangge. by channel size;
concentration/dlogDp), which can avoid effects eauby the uneven channel size
width of the stages. Such transformation allows @eamrepresentative comparison
between the impactor stages. As is shown in Figut8 and Figure 3-14, medians are
used to conduct the logarithmic normalization.

There were similar distributions of TSI and SOIlwét bimodal distribution: one in the
size range lower than 20n and the other in coarse particle range (5.9 w)) The
size distribution of TIl showed evident diurnal iadiion between the day and the night
modes. More than 57% of the TIlI was found to regidine fine particle size class ( <
2.0um) in the night sample, which dominated in finggegange of 0.085 — 0.gm
compared to dominance in the size class of 0.7.0 ¢ during the day.
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Figure 3- 13 Size distributions of TSI, TIl, and ISirring the MHC: (a) TSI; (b) TII; (c) SOI

lodide had a similar size distribution with TSI a8@I, with little difference between

day and night. lodate appeared to be concentratdteicoarse mode during both the
day and night (both 70 % of iodate in theur2fraction) in agreement with previous
data (Baker, 2005). It is also consistent withititerpretation of higher iodate/iodide
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ratios found in coarse particles. As well the acalation of iodate in the coarse size
range in the day seems stronger than in the nigglicating more iodate was formed
during day rather than at night.

Mass size distribution of UOI-0 was an accumulatsdructure. The concentration
increased with the size increasing and dominatethenlarger aerosol sizes. Then
coarse mode seemed more important for UOI-0 thaer species. No diurnal variation
was found in the day and night distributions of UDIThe mass size distribution of
UOI-4 displayed a bimodal structure: one in 0.726um and the other in > 58m.
The distribution in coarse mode was less duringithecompared to that at night. This
may be due to the photolytic breakdown of orgaodine bond during the day.
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Figure 3- 14 Size distribution of iodide, iodat€)l0 and UOI-4 in the MHC: (a) lodide; (b) lodafe)
UOI-0; (d) UOI-4.
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3. Field Measurement during MAP Campaigns

3.2.3 lodinein Rain and Aerosol duing MHC

The TSI concentrations found in the rainfall wasialale on the different sampling
days (18.11 — 47.24 nmol*). TSI in the rainfall samples were not similar e¥eough
they were collected from the same days. As is shiovthe marine aerosol samples,
inorganic iodine (iodide and iodate) accounted tfeg minor part of TSI. Soluble
organically bound iodine was also the major fractio the rain samples from Mace
Head station and the cottage (Table 3-6), accogritin 59.4 — 82.9% of TSI in the
measured samples. However, SOI in rain consistegpiesented a lower proportion of
TSI compared to the aerosol samples and genelalalttarger proportion of iodate. In
fact, in some of the rain samples iodate was atinalas, or slightly higher,
concentration than iodide. This is consistent wittorganic iodine speciation
measurements in rainfall from the North Sea regemmalyzed by electrochemical
methods (Campos et al.,, 1996), and rainfall fromstwEngland measured by
photometry (Truesdale and Jones, 1996). This ishdurconformation that our
speciation technique is accurately recording thied® and iodate levels.

Table 3- 6 Concentrations of iodine species irr#iefall at Mace Head station and Mace Head cottagel| L)
(Gilfedder et al., 2008)

Sample location  Sample date TSI lodide lodate SOl
Mace Head station 17-18/06/06 19.69 2.99 3.45 13.24
Mace Head cottage 17-18/06/06 20.47 2.27 3.74 14.46
Mace Head station 19-20/06/06 24.41 4.96 3.74 15.71
Mace Head cottage 19-20/06/06 33.07 8.71 4.71 19.64
Mace Head station 26/06/06 37.01 6.81 4.27 25.93
Mace Head cottage = 29/06/06 30.71 5.91 3.91 20.89
Mace Head station 08/07/06 47.24 6.38 1.72 39.14
Mace Head cottage  08/07/06 18.11 4.31 1.76 10.47

Interestingly, the largest unknown peak (UOI-4) ebed in the aerosol

chromatograms was also consistently found in thedVldead rain chromatograms
(Figure 2-16). Deposition fluxes in rain and aet@se the major routes for removal of
iodine from the marine atmosphere onto the Eadhiace (Baker et al., 2001). The
similar chromatograms of both marine aerosols an samples give a more evident
proof for the possible transferring between aergéalse and precipitation. Not only
rain but also snow has been measured to find Ergmint of organic iodine fraction as
well as the unknowns peaks in IC chromatogramsfétdler et al., 2007b, 2007a;
Gilfedder et al., 2008). Obviously, rain is ondlad important sinks of soluble iodine in
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the atmosphere due to the atmospheric wet depogtimcess. This is consistent with
the finding that rain could influence on the vaadatof soluble iodine in aerosol
samples.

3.3 Summary

Marine aerosol samples were collected from two $@gEampaigns during June —
July 2006: PMs from the MHC and CEC; Size fractionated aerosohas (five
stages, < 1@m) from the MHC. TSI, TII, iodide, iodate and UQigre measured by
ICP-MS and IC-ICP-MS. The TSI and TII levels wetecamparable levels in all the
aerosol samples. The temporal variation of TSI feasd to be related to nucleation
events at Mace Head. In addition, the influenceaimhass transport, tidal height as
well as raining were observed to effect iodine @mnti@ations in atmospheric aerosols.
The speciation results showed that inorganic iofimg#ide and iodate) was the minor
fraction of TSI at only 7.3% (median) in BMfrom the MHC, 5.0% (median) in P
from the CEC and 5.8% in size fractionated aersaniples at Mace Head. More than
95% of the TSI was found to be SOI. Part of SOI sgzarated and eluted from the IC
columns. The peaks were not sampling artifactsrandt be polarizable compounds
according to the IC separation mechanism; howener,identification has been
achieved due to lack of structural information. Bielieless, the importance of SOl was
demonstrated and the participation of organic mattedine cycling is believed to be
important in formation and uptake of particle icglend also in the iodine chemistry in
the MBL. The correlations between SOI and iodid®M 5 (R? > 0.5, P < 0.0001) as
well in size range of 0.25 — 0.7dn and 0.71 — 2.om (R? > 0.7, P < 0.0001) provide
evidence for the close relation between both spetialso implies the formation of
iodide through the decomposition of SOI under tifiech of the environmental factors
such as solar radiation (with better correlationrduthe sunny days).

Rainfall samples were also collected at Mace Headnd the same period and
measured by ICP-MS and IC-ICP-MS. lodide and iodetee observed as the minor
part while SOI was the major fraction of TSI in tfenfall. The same UOIs were
detected both in aerosol and rainfall samples, ymgl the possible transferring
between precipitation and aerosols.
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4. Field Measurement during OOM PH Campaign

The importance of iodine chemistry in the MBL hag suggested in the past decades
due to its participation on the ozone depletionnévdut also its contribution to new
particle formation. Research in coastal area e.gceMHead, observed iodine was
important for new particle formation process (O'Roet al., 2002b). Ocean covers
more than 70% of the earth’s surface. The iodirenghtry in the open ocean should
not be neglected, however, and iodine speciatios mported by some researchers
(Baker, 2004, , 2005; Read et al.,, 2008). lodoaasbemitted from the marine
macroalgae are still regarded as the reactive égoliacursors and can trigger the iodine
cycling in the MBL. The data shown from the CECepothe North Atlantic Ocean,
have shown biological activity is related to iodoweling. Therefore, the investigation
of the iodine species in the gas phase and papltdse over the open ocean area is
essential to further our knowledge of atmospheritine chemistry in the MBL.

Organics over the Ocean Modifying Particles in bbidmispheres (OOMPH) is a

European Union financially supported research ptoje investigate the organic

chemistry of the ocean and the MBL with a focuayanic vapors and their influence

on particle nucleation processes. During its creaepaign in south semisphere in
2007, the French scientific ship Marion Dufresravéled a round trip between South
Africa and South America. The campaign was spid two parts, hereafter called leg 1
and leg 2. The marine aerosol samples (by a Bémmgactor cascade sampler) were
taken during the first leg crossing the South Aia®cean from Cape Town, South

Africa to Punta Arenas, Chile. This path crossesdpminately the open ocean area
which is good for characterization of particle phasdine in open ocean aerosols. In
addition, the influence from the open ocean as asAntarctica can be estimated.

lodine speciation was conducted in aerosol sampi®k;iodide, iodate and UOI-0 in
the different size ranges are presented here. Thheacteristics of different iodine
fractions are studied.

4.1 M ethodology

4.1.1 Sampling

The aerosol sampling was conducted place on tleatdtc vessel Marion Dufresne
over the South Atlantic Ocean from Cape town, Sd\ftica to Punta Arenas, Chile
during January 19 — February 5, 2007. The Atla@tiean was crossed staying between
35°S and 45°S Latitude. The ship arrived at thestofthe South America then shifted
south towards the Magellan Street. In this area pRytoplankton blooms were
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4. Field Measurement during OOMPH Campaign

crossed (January 31 — February 2, 35°S — 45°S, FZ0M et al., 2008). A Berner
impactor cascade sampler (5 sampling stages wathile channels of 0.085 — 0,28,
0.25-0.7fum, 0.71 — 2.Qum, 2.0 — 5.9um and 5.9 — 1@m.) was placed upwind on the
upper-most deck of the ship to avoid the contarmondtom the ship emission plume.
Cellulose nitrate filter (sizeb,=78 mm,®;=40 mm, self-cut from the original filter
®120 mm, Sartorius AG, Gottingen, Germany) was tisetharine aerosol collection.
The sampler was fixed to a flow of 4.5 ' during the sampling and the sampling
period was 23.5 h for each set of samples (theskasple set taken on February 2 — 4,
2007 had duration of 47 h). After sampling, eackdied filter was parked in separate,
sealed Poly-propylene vial (50 mL, GREINER BIO ON#ickenhausen, Germany)
and stored under at -Z0to avoid any contamination and loss of volatilenpounds.

Figure 4- 1 Sketch map of the path of OOMPH campaiger South Atlantic Ocean during January — Falgr@07

4.1.2 Chemical Analysis

ICP-MS and IC-ICP-MS were used for TSI, iodide,atsland UOIs measurements.
The methods are discussed in detail in Chapter 2.

Firstly, all the samples were treated with an glirac extraction using ultra pure water
(Milli-Q, 18 MQ). The extract was collected and then measured witdiP4500
quadrupole ICP-MS (Agilent, Waldbronn, Germanyjl&tect TSI. The detection limit
of TSI was 0.1ug L™ in aqueous solution.

Secondly, iodide and iodate were separated andifjadrwith an online IC-ICP-MS
system. A G3268A IC column was chosen as the chiagraphy column. 0.06 mort
(NH,4),COseluent was used as the mobile phase with a flotu@MmL min'. HP4500
ICP-MS was used as an element specific detectdidécand iodate were successfully
separated and they were both quantified with arereat calibration curve. The
detection limits were 0.xg L and 0.1ug L™ for iodide and iodate, respectively.
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Soluble organic iodine (SOI) was calculated agdifference between total iodine and
the inorganic iodine species. One unidentified nig#dine (UOI) peak distinctively
occurred in the chromatograms for most of the samy@imilar to that found during the
MAP campaigns. This peak, which had the retentime of about 2.5 minutes, is also
termed as also UOI-0 here to make the result casgralbetween the campaigns
conveniently. This signal is not identified untdw. The peak was quantified with the
calibration curve of iodide because iodine atogpisverted to’lin the plasma prior to
guantification with mass spectrometer. Still pdrth@ soluble iodine did not eluted out
of the column during the measurement.

4.1.3 Additional Information

Meteorological data such as temperature, wind spesad direction, sea water
temperature etc were collected simultaneously dutiie sampling period. Airmass
back trajectory data are obtained by courtesy aVernli from Max Plank Institute for
Chemistry in Mainz, Germany.

4.2 Results and Discussion

4.2.1 Overview of lodine Species

The concentrations of the iodine species includiBg, iodide, iodate, and UOI-0 are
shown in Table 4-1.

Table 4- 1 Concentrations of iodine species in aetionated samples in OOMPH campaign

lodine species Range Median Average
(pmol/nT) (pmol/nT) (pmol/nT)
Stage 1 (0.085 — 0.26m 9
Total soluble iodine (TSI) 14.26 —133.48 56.46 087 29.85°
Soluble organic lodine 14.04 — 133.05 55.53 56.41 £ 29.69
(SOI)
lodide 0.08 -1.15 0.37 0.44 +0.36
lodate N.Df-1.11 0.03 0.15+0.30
UOI-0 0.82 - 38.13 15.83 15.69 +9.87

To be continued
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Continued

Stage 2 (0.25 — 0.7dm)

Total soluble iodine (TSI) 15.86 — 163.25 60.63 768t 41.36
Soluble organic lodine 15.74 — 162.99 60.37 68.21 +41.43
(SOl)
lodide 0.08.-1.89 0.20 0.45+0.54
lodate 0.02 - 0.68 0.05 0.10 +0.17
UOI-0 452 —55.14 17.82 20.97 +14.84

Stage 3 (0.71 — 240m)

Total soluble iodine (TSI) 9.16 — 90.08 35.14 42+3965.89
Soluble organic lodine  8.66 — 89.47 34.76 41.84 + 26.78
(SOl)
lodide N.D.-0.70 0.38 0.36 £ 0.22
lodate 0.01-0.43 0.06 0.10 +0.12
UOI-0 2.27 - 27.64 8.34 10.77 + 8.29

Stage 4 (2.0 — 5.8m)

Total soluble iodine (TSI)  12.52 — 88.55 41.24 2A325.39
Soluble organic lodine  11.63 — 86.19 39.84 44.86 + 24.79
(SOl)
lodide 0.08 -1.16 0.57 0.59 +0.36
lodate 0.07 —4.52 1.92 1.88 +1.37
UOI-0 1.61 - 26.88 12.23 13.00 + 7.64

Stage 5 (5.9 — 1040m)

Total soluble iodine (TSI) 14.76 —118.91 42.42 88A 27.89
Soluble organic lodine 13.43 —118.40 41.30 46.81 + 27.83
(SOl)
lodide 0.10-1.81 0.47 0.57 +£0.48
lodate N.D. -1.60 0.42 0.45+0.40
UOI-0 3.73-37.98 12.16 14.28 +9.78

a. cutoff size; b. standard deviation; c. not detele
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The medians of TSI in stage 1 and 2 (~ 60 pmid) were found to be higher than those
in stage 3 — 5 (~ 40 pmol ) The TSI in stage 3 was the lowest level (med&nl4
pmol ni®). As is mentioned, the cutoff size range from stag- 3 was 0.085 — 2,0n.
During this campaign, 51.1 — 74.6% (median, 64.5%)SI was in the fine particle
range (< 2.Qum), indicating the TSI uptake mainly occurs in fine particle range. Itis
consistent with that found during the MHC.

SOl was the most abundant soluble iodine fracfidre medians of SOI ranged from
34.76 pmol rit to 60.37 pmol i in the 5 stages, accounting for from 87.6 % t@%9.
with a median of 98.6% in TSI.

lodide and iodate were only minor iodine fractiomshe samples. Most of the iodide
and iodate concentrations were lower than 1 pmdercept iodate in stage 4 (median
1.92 pmol n?). The iodate in stage 5 was the second highekht thét median of 0.42
pmol ni®. It is quite similar to the results from the MHGtwhigher iodate in stages 4
and 5, implying the formation and accumulation psses of iodate may relate highly
to the size range larger than 2. The medians of iodide concentration in the 5
stages were not much different, ranging from 0620.67 pmol ri¥. lodide accounted
for 0 — 8.2 % in TSI with a median of 0.9%. Theqgatages of iodide were 1.4 %
(median) and 1.6 % (median) in TSI in stage 4 arfudher than those in stages 1 — 3
(medians lower than 1.0% in TSI).
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Figure 4- 2 Statistical chart of the ratio of icgfaidide in 5 stages of Berner impactor
The ratios of iodate/iodide are shown in the Figi& The iodate/iodide ratios in stage

4 and 5 were more variable than in other stagegeS4 and stage 5 also had higher
medians and averages of iodate/iodide ratios thataiges 1 — 3. The ratios in stages 1
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— 3 were much lower than 1, in agreement with threesponding ratios found in the
same stages as well as in PMuring the MHC. lodide obviously was more dominant
inorganic iodine species found fine particle siaage. However, the highest ratio
(median, 3.68) was shown in stage 4. The iodatelgochtio of 0.98 was found in stage
5. This variation trend among the 5 stages is dio$leat observed at Mace Head using
the same Berner impactor sampler. The ratios gesdaduring the OOMPH campaign
were higher than found at Mace Head. 11 of 14 sesnfl8.6%) had the ratio of
iodate/iodide higher than 1 and 50% of the ratiesann the range from 2 — 6. The size
range of 2.0 — 5.am (stage 4) was found to be a very important diamgtope for
iodate formation and accumulation in aerosols.

4.2.2 Spatial and Temporal Variations

The variations of TSI in fine aerosol, in coarseoael and in the five stages were
presented during the sampling period during the ®BIMThe fine aerosol and coarse
aerosols refer to the aerosols collected by stag@ (size range 0.085 — 21) and by
stage 4 — 5 (2.0 — 1), respectively.
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Figure 4- 3 Temporal variation of TSI during the BBH campaign: a. the sum of TSl in 5 stages; b. TSI
in fine aerosol (sum of TSl in stage 1 — 3); c. T&ine aerosol (sum of TSl in stage 4 — 5)

The first and last samples in this dataset werlect®ld along the South African coast
and South American coast, respectively. The TSteotration in the coastal South

71



4. Field Measurement during OOMPH Campaign

Africa was higher than that in the coastal Southefioa in both fine and coarse
particles. Cape Town, the starting point of the paign, is located in an ocean current
upwelling region where more nutrients are broughttazi the ocean surface causing
macroalgae blooms in the inshore western coast foicad This enhanced the
possibility of volatile iodine precursor emissionk such cases, more iodine
compounds might be produced and takes up intodhele phase. Contrarily, airmass
back trajectories show the airmass mostly crosddhestrial area along the Chilean
coast which may be another reason for its lowenmtkvels due to the little terrestrial
iodine source. However, both coastal samples hadrld@ Sl levels than those in the
open oceanic coarse particle, indicating iodinersesi contributed more to the fine
particle in the coastal area. However, if macroalgee regarded as the main source of
iodine chemistry in the MBL, littoral zone shoul@ fa highly distributed area of
macroalgae, a question raises why higher TSI wasdan the open oceanic samples
during the OOMPH. Unfortunately, only two samplesrev collected in the coastal
zone, which make the interpretation difficult.

Figure 4- 4 Monthly average of oceanic chlorophylWlanuary of 2007h{tp://oceancolor.gsfc.nasa.gov

For TSI in open oceanic aerosols, the concentratairtained in the first half leg
(before January 29) were higher than those fronséleend half. It is interesting to note
that blooms of oceanic phytoplankton occurred dytive second period near the South
American coast (Figure 4-5). If the oceanic biotadjiactivity is really correlated with
the iodine emission in the open ocean, the redutth the OOMPH seem not
compatible. The airmass transport is found to pessible source, which is suggested
by the back trajectory analysis. During the OOMPatinpaign, the cruise path was
totally under the influence of westerlies in southsemisphere. If the transport was
driven by the prevalent westerly wind, the airmasmssported from the active
biological bloom region may affect the iodine véina. There were several enhanced
TSl values observed, which were measured on thplsartaken on January 22 — 23, 25,
27 — 28, and 31. TSI on the January 25 and 27we28 transported from the ice front
sectors of the Antarctica, which is in accordandh whe findings from the Antarctic
coast with aerosol TSI (see Chapter 5) as web@diné oxide in gas phase (Saiz-Lopez
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et al., 2007). The airmass arrived the cruise owaegy 23 and 31 is found from the
phytoplankton bloom area. Also, the airmass on datks crossed the ocean instead of
South America continent. This is likely to be tleason why the lower TSI levels
measured on February 1 — 4. On January 22, thassrcame from the open ocean and
iodine source was not clear yet.
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Figure 4- 5 Airmass back trajectories on the setbdates during the OOMPH campaign

According to the current understanding of iodinenalstry in the MBL, volatile iodine
species such ag, ICH;l, CH.l, etc are emitted from macroalgae. With exposutg\o
radiation, iodine atom is formed by photolysis ofatile iodine species. The reaction
with Oz, forming the iodine monoxide (1O) radical, is tiybt to be the major fate of
iodine atoms. The iodine oxides may then self-rateleand take up into aerosols
(Carpenter et al., 2003). A recent research shatvati most of the iodine should
theorectically be taken up as HI@Pechtl et al., 2007). Recently, the existenc8Of

in marine aerosols is widely reported. The mostartgnt consequence of SOI in
aerosols is probably to increase the residence ¢imedine within the particles (in
particular by retarding iodine release to the dassp) thus possibly decreasing ozone
destruction. Increased residence time may alsditédei iodine transport out of the
marine boundary layer into the free tropospherd, @ssibly even to the tropopause,
by convective systems.
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Figure 4- 6 Temporal variation of iodide in theas®l sized lower than L0m

The iodide concentrations in different stages ditipresent a clear temporal variation.
When the sum of iodide in the 5 stages was inva®t iodide showed a clear
decreasing trend from January 20 until JanuaryA30is discussed above, airmass
transport may play an important role in the iodoeding in the aerosols. In addition to
the hypothesis that iodide formation mechanismighll correlated with the SOI

decomposition in the atmosphere, the longer resgléime during transport increases
the possibility of SOI decomposition with exposofdJV radiation. The variation of

iodide adds evidence to the contribution of airm@agsport to the particle phase
iodine.

4.2.3 Soluble Organic lodine

SOI was the most abundant iodine fraction in T8hfrthe size fractionated aerosol
samples. The percentage of SOl in TSI ranged frér % to 99.9% with a median of
98.6%. The proportional contribution of SOI to M&s extremely high in this case,
even higher than observed during the CEC campargn the North Atlantic Ocean
(median 95.9% in Pk). Nevertheless, the results from both ship cammsadtisplayed
higher SOI percentages than that during the MHCO®3n PMys and 94.2% in size
fractionated aerosol samples), suggesting thatn$gyi be more dominant in the open
oceanic aerosols than in the inshore aerosolspidmortional contribution of SOI to
TSI during the OOMPH was much higher than other kwalthough different
techniques were applied in this work (Baker, 2005).
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UOI-0 was eluted with a G3268A IC column and detdavith a HP4500 ICP-MS.
UOI-0 accounted for 1.4 — 42.4% (median, 28.8%) ®f in all the samples, showing
that UOI-0 is an abundant fraction in aerosols. Tdmporal variation of UOI-0 was
similar to that of TSI. However, the peak showntlme chromatogram remains
unidentified.
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Figure 4- 7 Correlation between iodide and the B@tage 3 of Berner impactor during the OOMPH

Similarly to that discussed in Chapter 3, significeorrelations were observed between
iodide and SOI in marine aerosols. A significantrelation was found only in stage 3
between iodide and SOI. The correlation coeffici@) was 0.557 (P < 0.005) which
is close to the correlations found in PMduring the MHC but lower than the
correlations found in stage 3 during the CEC (&&ys 0.748; night, R= 0.703). The
marine aerosol samples taken during the OOMPH cempeere from the different
areas over the South Atlantic Ocean compared fooall Mace Head. The moving path
changed the sampling environments, which had meentainties and may negatively
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effect the correlation. During the MHC, significasdrrelation have been reported in
day samples in stage 2 with thédt 0.787 but poor correlation was shown here @ th
stage 2 (R = 0.017). Although the day samples in stage 2 thigtier correlation
coefficient, poor correlation was also reportedhia night samples during the MHC.
The sampling hours of the samples taken from th&@B were normally 23.5 h and
no day and night samples were differentiated. feuntiore, if the complicated changes
of sampling environment in an onboard campaigrtaen into account, it is easier to
cause the non-correlation in stage 2.

The correlation between SOI and iodide in stagarthd the first part of the sampling
period (January 20 — 28) is also analyzed. Theetairon coefficient was found to be
0.843 (P < 0.005), more significant than that @& thole dataset. This implies the
sources of SOI and iodide are highly related dutivegfirst part of the OOMPH. As is
discussed above, the local sources of iodine seevaall and airmass transport from
the phytoplankton area and ice front sector of Attiza is likely to be the important
source of iodine in marine aerosols. The interpi@tas supported by the decreasing
iodide variation during the sampling period andrargyer correlation between SOl and
iodide. Again, SOl is suggested to be essentidbftine chemistry in the MBL due not
only to high proportional contribution but also astive participation in iodine cycling
processes.

4.2.4 Size Distribution of 1odine Species

Size distributions of different iodine fractions &erosols are shown in Figure 4-8,
calculated by the normalization of logarithm of sasncentration against the particle
size. The size distributions of TSI, SOI and iodatere similar to those observed
during the MHC. TSI and SOI both had bimodal dsttions with one peak in fine
range (0.25 — 0.7tm) and the other in coarse range (5.9 ). lodate was highly
enriched in the coarse particle size range highan t2.0 um. The mass size
distributions of TSI, SOI and iodate are consisteitih those observed in the inshore
marine aerosols at Mace Head.

UOI-0 also had a similar size distributions to &84 SOI, but it was different from that
found during the MHC. It was an accumulation-likstdbution with continuously
increasing distribution with the size increasingindg the MHC. The percentage of
UOI-0 in TSI was much higher during the MHC (medié8.4%) than that during the
OOMPH (median, 28.8%). If UOI-0 is a mixture of seal organic iodine compounds,
the difference between inshore environment and ogeanic environment may cause
the different contribution and uptake of UOI in @&yls and make size distribution
different.
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Figure 4- 8 Size distributions of TSI, SOI, UOli@date and iodide during the OOMPH

The iodide size distribution was also differennfrthat in the MHC. The first peak was
found in the finest stage of 0.085 — 0,i26 instead of in the 0.71 — 2ubn as observed
during the MHC. In the size range from 0.25 — {if, iodide concentrated

incrementally with the size was increased.

4.3 Summary

Size fractionated aerosol samples were collected bystage cascade sampler on the
scientific ship Marion Dufresne over the South Atla Ocean during January —
February 2007. TSI, iodide, iodate and UOI were suead by ICP-MS and
IC-ICP-MS. The TSI levels were lower than thoserfrime MHC in the five stages but
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similar size distribution were found during bothmgaaigns. lodide and iodate were less
abundant (medians 0.9% and 0.3%, respectively) aoadpto SOl (median 98.6%).
The concentrations of iodide and iodate were Iavan those measured in the inshore
marine aerosols from the MHC. UOI-0 was again foumthe IC chromatograms, but
with a lower abundance in the open oceanic aerosilmilar SOl and iodate
distributions were observed as those from the M&lough different patterns were
found for iodide and UOI-0.

The spatial variation did not correlate with bialeg activity (algae bloom) in the
oceanic area. The estimation of aerosol iodinecgosuggests the airmass transported
from the phytoplankton and Antarctic ice front $gatas the possible important source
of aerosol iodine. The significant correlation beén SOl and iodide (R= 0.843)
during first part of cruise path proves the clagatton between the formation process
of iodide and SOI. The formation of SOI and thesrof organic matters in iodine
chemistry are not clear in the open ocean and #ehanisms are needed to be studied
in future research.
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5. lodine Speciation in Marine Aerosols along a Round-trip

Cruise from Shanghai, Chinato Prydz Bay, Antarctica

lodine chemistry plays an important role in the imarboundary layer (MBL) by
altering the rate of the tropospheric ozone dembetind by forming new particles
(O'Dowd et al., 2002b; Read et al., 2008). To usided the global effect of iodine
chemistry, the observation of iodine species olwbaj scale is necessary, especially on
the polar regions where ozone depletion events Dave frequently been reported
(Saiz-Lopez et al., 2007; Schonhardt et al., 20B8)ar regions, namely Arctic and
Antarctic, are geographically remote but have aiBant impact on the global
atmosphere (Landsberger et al., 2001; Calvert andberg, 2004; Saiz-Lopez et al.,
2007; Simpson et al., 2007). Currently iodine crstngiin gas phase in polar region has
received intensive interests by field observatiand model simulations (Friess et al.,
2001; Saiz-Lopez et al., 2007; Saiz-Lopez and B@®@8; Schonhardt et al., 2008),
but iodine speciation in the particle phase hasyabbeen reported.

lodine speciation data in Total Suspended Partifl&P) samples collected on the
Chinese Ice breakexue Long duringa 30,000 km round-trip cruise path over the
Western Pacific Ocean, Eastern and Southern InQizegan, and Prydz Bay, coastal
Antarctic during the 28 China Antarctic Campaign (Nobember 2005 — Marcb630
are presented. lodide, iodate and UOI were simettasly determined by IC-ICP-MS.
To the best of our knowledge, this study covergdat geographical extent to date and
is the first report of iodine speciation in the gralegion.

5.1 Methodology

5.1.1 Sampling

During theXue Long expedition, a total of 57 particulate samples wriéected from
November 2005 to March 2006 between the China B&stérn Pacific Ocean), the
Eastern and Southern Indian Ocean, and Prydz B&$°(R-69.4°S, 70.5-122.8°E;
Figure 5-1). A high volume TSP sampler was plagadind on the upper-most deck of
the ship. Particles were collected by drawing amouigh a cellulose fiber filter
(Whatman 41, Maidstone, UK, 20x25cm) at a flow @fte~ 1.0 n? min™. During the
cruise the sample duration was 24 hours. At thetabAntarctic location the duration
was set at 72 hours due to possible low iodine@ainations. After sampling, the filters
were packed in separate, sealed plastic bags aratigtozen below -2Q.
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Figure 5- 1 Sketch map of cruise from Shanghain€ho Prydz Bay, Antarctica

5.1.2 Chemical Analysis

A part of filter (5 cm x 5 cm) was cut from evenspled filter and extracted in water
by an ultrasonic assisted extraction for 20 minut€d was measured with a HP4500
ICP-MS (Agilent, Waldbronn, Germany). The detectionit for TSI was 0.1ug L™ in
agueous solution calculated from the standard tems of blank samples (n = 7, 3s
criterion). lodide and iodate were separated arahtfied with an IC-ICP-MS system
with a G3268A IC column (Agilent, Waldbronn, Germgar0.06 mol/L (NH).CO; was
used as the mobile phase with a flow rate of 1.0mit*. The HP4500 ICP-MS was
used as a detector to scan Isotdple Using this method, iodide and iodate were
successfully separated and they were quantifithégxternal calibration curves. The
detection limits were 0.5g L™ for iodide and 0.1ig L™ for iodate (expressed as 1),
respectively, with the injection of 2(L. The relative standard deviations for iodide and
iodate at the fig L™ were 1.74% and 3.03% (n=7), respectively. Solobj@nic iodine
(SOI) was calculated as the difference of totairniedand the inorganic iodine species
(SOI = TSI - lodide — lodate). Unidentified orgamcline species were frequently
observed in the chromatograms. One unidentifiedrmoyodine signal was observed in
most of the chromatograms in addition to iodide auhte. This signal must result
from an anionic compound as it is efficiently sepad by the anion exchange column.
Some commercial organic iodine compounds includimgdo-acetic acid,
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iodo-propionic acid, etc were run for comparisont bo similar retention time was
found, and the signal remains unidentified. Thenmgon time (about 2.5 minutes) was
similar to the UOI-0 found in the chromatogramshef samples from other campaigns
(MAP and OOMPH). Therefore, it is also termed UQiéde. The unknown signal was
quantified with the iodide calibration curve as tbdine atom is converted t6 in the
plasma prior to quantification with the mass spmoiter. Nevertheless, on average
42.6% of TSI was not eluted from the IC column.

5.1.3 Meteorological data

Meteorological data were also obtained from thergdic vessel during the cruise and
included temperature, pressure, wind degree, wimdcttbn etc. Airmass back
trajectory were calculated using HYSPLIT model (FNata set) from NOAA Air
Resources Laboratory. Monthly global distributiarischlorophyll were downloaded
from MODIS web, NASA (http://modis.gsfc.nasa.gov/).

5.2 Results and Discussion

5.2.1 Concentration of lodine Species

The concentrations of total soluble iodine (TStdate, iodide and soluble organic
iodine (SOI) varied considerably over the cruisa(€ 5-1).

Table 5- 1 Concentrations of iodine species dutfiregcruise campaign (n = 57)

. . Median
lodine species Range(pmoffm (pmol/rr?) Average(pmol/m)
Total Soluble lodine(TSI) 1.17-28.22 6.51 9:47.04°
Soluble Organic lodine 0.78-17.84 4.50 5 98+ 4 30
(SOI)

lodide N.D%15.67 1.49 2.8%13.43
lodate N.D.-4.72 0.28 0.620. 94
Unidentified Organic N.D. 15.64 1.21 2.062. 47

lodine (UOI)

a. N.D.= not detectable; b. standard deviation

The TSI concentration ranged from 1.17 to 28.22 |pmtawith a median of 6.51 pmol
m3, which was much lower than the TSI levels foundiry the MHC, CEC and
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OOMPH. The relative contribution of inorganic iodifiodide and iodate) was variable,
ranging from 0.0% to 87.5%. The median valuesddide and iodate were 1.49 pmol
m and 0.28mol m?®, respectively, accounting for 5.1% (median) an@2®(median)
of TSI. The percentage of inorganic iodine was naisandant than the results from
Mace Head, the South and North Atlantic Oceansthbse aerosol samples, the
inorganic iodine was found to be almost all loweart 10% of TSI. The ratio of
iodate/iodide ratio ranged from O to 3.49 with adme of 0.21, which was comparable
to the PM s data during the MHC and indicates iodide is thesnamminant inorganic
iodine species in marine aerosols. This is in atoeith the findings of former
researches (Baker, 2004; Gilfedder et al., 200B8& iddate/iodide ratio did not differ
significantly between coastal and oceanic samfld®(and 0.22, respectively).
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Figure 5- 2 The widely spread of UOI in differeatspling area

SOl ranged from 12.5% to 100% with a median of #&.This indicates that SOI was
the most dominant iodine fraction in the partiabe®r the entire 30,000 km transect.
UOI-0 was responsible for up to 38.3% of SOI, vétmedian of 1.21 pmol fh which

is comparable with the average of iodide conceptmailhere are very few reports on
the concentration of the different iodine speciestiie marine boundary layer. In
comparison with the previous data observed overAttentic Ocean (Baker, 2004, ,
2005), the concentrations of iodide and iodate vearelar. Interestingly, the UOI-0
was present in most of the samples in several anehgling the South China Sea,
tropical area, Indian Ocean as well as the An@arobiast (Figure 5-2). Its presence
prove again the existence and the relevance ofaniarganic iodine, which was
recently found in the rain and snow samples calkab the continent boundary layer
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and aerosols from Mace Head, Ireland (Gilfedded.eR007a, 2007b; Gilfedder et al.,
2008), indicating that anionic organic iodine islgdlly ubiquitous. To obtain more
detailed information on this species an investagyainto the chemical structure of UOI
is needed.

5.2.2 Spatial Variation of | odine Species

The variation (concentration and relative contiidmi} of soluble iodine and its species
were found to correlate with the different geogiapcations. To investigate the
spatial variation, the sampling regions were sdpdrato coast (denoted as “C”) and
open ocean (denoted as “O”) and classified inteeisd\subgroups as: C1, Chinese
coast; C2, Southeast Asia where islands spreadAG&ralian coast; C4, Antarctic
coast. O1, South China Sea; 02, the ocean betwagheast Asia and Australia; O3,
the ocean between Australia and Antarctica. In ggnthe levels of TSI in the coastal
regions were higher than over the open ocean ex¢épivhich was locates on the
Antarctic coast and had the lowest concentratich22 pmol rit. The levels of TSI in
the coastal regions decreased by an order: CICE24, indicating a decreasing trend
from North hemisphere to South hemisphere.
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Figure 5- 3 lodine spece}ation in different regiof®. concentrations; (b) percebntage of TSI. Note: C
costal area; O, open ocean. C1, China coast (G5)Southeast Asia (n=9); C3, the Australian coast
(n=5); C4, the Antarctic coast (n=17); O1, the &ddhina Sea (n=2); O2, the ocean between Southeast

Asia and Australia (n=3); O3, the part of the Imd@cean between Australia and Antarctica (n=16).

The variations in iodide, iodate and SOI were alsdlar to TSI. The ratios of iodate to
iodide (1G;/1") were highly variable, however, for most of cadbg, ratios were in
general lower than 1.0; except several outlieilS4n O2 and O3. This is in agreement
with the previous findings in the Atlantic OcedBaker et al., 2004], indicating that
higher levels of iodide than iodate in the mario@rdary is a common phenomenon.
For SOI, the highest fraction of UOI-0 was obseruedC4, O2 and O3, with were
34.3%, 35.4% and 30.5% of SOI, respectively. Intamidto iodide, iodate and UOI-0,
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there was substantial amount of iodine not elutedad the IC column during the
measurements, e.g., it contributed 62.1%, 40.994,%@&nd 38.9% of the SOl in C1,
C2, C3 and O3, respectively. The relative abundaméaodine species in different
regions are summarized in Figure 5-3. The causdabkédovariation in iodine speciation
and concentrations can be assumed to be connextiée tflux of iodine from the
oceans and cycling processes in the atmosphere.
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Figure 5- 4 Temporal and spatial variations ofdtferent iodine species

The temporal variations in the iodine fraction cemitations are shown in the Figure 5-
4. The locations with relatively higher TSI and Sklevels were located between
latitude 30°N and 30°S. Tropical regions are weilbkn to have relative higher
abundance of algae blooms (Sparrow and Heimann/)20¢ich in principle can
release significant amounts of iodine precursorg. (e and volatile organic iodine
species) (O'Dowd and Hoffmann, 2005). Higher chpbsdl concentrations were
observed along the cruise path in these tropicdlsamtropical coastal regions. The
levels of TSI, iodide, iodate and UOI-0 were noyabhhanced along the northwest
coast of Australia; where there is may be the &mamnt source of volatile organic
iodine species due to highly productive ocean curo@welling. Biological activities
such as macroalgae bloom can possibly contributeeaodine precursor emissions.
Temporal variations of TSI, SOI and iodide wereoatbserved between the tropical
area and the Australian coast. The concentratiénESd and SOI were lower in
December 2005 rather than in March 2006. This neagiue to the seasonal variations
in the halogen flux into the marine boundary lay&arpenter et al., 1999; Carpenter et
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al., 2000). Unfortunately, there are few reportstba seasonal concentrations of
volatile organic iodine in this region. The coneatibns of TSI, SOI, iodide and iodate
were all found to be considerably lower during shenpling period in the Antarctica

5.2.3 lodine and the Airmass Transport

The TSI levels were also found to be linked witk trigin and direction of airmass
transport. When the samples collected in the regbmtween Australia and Antarctica
were derived from western airmass (previous 48 $)otlre level of TSI was lower,

indicating less soluble iodine were formed (or take into the particle phase) in the
open India Ocean. Along the Antarctic coast (CHg TSI concentrations increased
when the previous 48 hours airmass had passedoavkeont sector (in the east vicinity
of Prydz Bay) instead of from Antarctic mainland.
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Figure 5- 5 Actual airmass back trajectories onstlected dates
In the Figure 5-5, the upper and lower three gralgisay the airmass back trajectories

for the highest and lowest TSI samples, respegtivEhe TSI levels were highly
correlated with the airmass transport in the Ariarcoast. Although iodine in the
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aerosol phase have not been reported to datefiridiag is in accordance with the
observations of 10 and BrO in gas phases in coAsitalrctica (Halley Station), where
airmass transport from the ice front sector inagsabe mixing ratios of 10 and BrO
(Saiz-Lopez et al., 2007). Recently a potential m@csm proposed that marine algae
colonizing under the sea-ice and emit iodine premg; which escape through brine
channels into atmosphere(Saiz-Lopez and Boxe, 2008)iodine speciation in marine
aerosols in this study thus provides evidence ppast this hypothesis.

5.2.4 Correlation between SOl and lodide
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Figure 5- 6 Correlation between SOI and iodide $PBamples

The chemical mechanisms involved in the iodine eyale still poorly understood
(O'Dowd and Hoffmann, 2005). One of the primary nmkns is whether the particle
phase organic iodine components play an importdatin the conversion of different
iodine species, especially the formation of ioditlee relationship between iodide and
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SOl was thus analyzed (Figure 5-6). The resultgessigd that the correlation between
SOl and iodide in the whole dataset was poor tgmiicant with the coefficient Rof
0.253 (P<0.0001). However, with the absence ofgamples (A1l and A52) collected
near Northwest Australia the correlation was themensignificant with an coefficient
R? of 0.529 (P<0.05). Although the different sizesaefosols were collected in these
several campaigns around the world, the correlatioetween SOI and iodide can
always be found, indicating the SOI and iodidechosely related to each other in their
formation processes, cycling etc. This stronglypsufs a recent hypothesis that iodide
may be produced through the decomposition of S@hénatmosphere (Pechtl et al.,
2007; Gilfedder et al., 2008). However, the exaethanism involved in this process is
still unknown and expected to be investigated enfthure.

5.3 Summary

lodine speciation in marine aerosols is still ppamderstood. During the $3China
Antarctic Campaign (November 2005 — March 20063ltstispended particle (TSP)
samples were collected on the Chinese Ice brxkerLong along a 30,000 km
round-trip cruise path over the West Pacific Ocehe,East and South Indian Ocean,
and Prydz Bay, the coastal Antarctica. Solublerniedipeciation was measured using
IC-ICP-MS. The results revealed that organicallyrmb iodine is the most abundant
species, accounting for approximately 70% of TSlamerage. An anionic organic
iodine signal, namely UOI-0, is present in almdsbhsamples and is responsible for
22.1% of TSI. The signal is also shown in the chatograms of the aerosols in
different area around the world, indicating a glothistribution of this signal. The
abundances of inorganic iodine including iodide entthte were less than 30% of TSI.
The median value of iodide is 1.49 pmofmvhich is more than four-fold higher than
that of iodate (median, 0.28 pmoln The level of TSI considerably varied with
respect to the spatial distribution. High levelsimline were observed in the region
between latitude 30°N and 30°S, especially alonméde coast and near northwestern
Australia. The elevated TSI concentrations overttbgical ocean may be ascribed to
potentially high flux of halocarbon due to macr@@dolooms initiated by upwelling
current. In the coastal Antarctica, the observatibiodine species in aerosols is firstly
reported in the Antarctic area. TSI is found tacbeelated with the airmass transport.
Enhanced levels of TSI were measured with the @snieansport from the ice front
sector of the Antarctica, while lower TSI was foundhe aerosols mainly contributed
by the Antarctic continental airmass.
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6. Summary and Outlook

lodine is an essential element for all mammalsardly distributed in different all
spheres, including the biosphere, the atmosphedettan geosphere (Edmonds and
Morita, 1998). lodine cycling in the MBL is suggedtto play important roles in
tropospheric ozone depletion as well as in newigarformation (O'Dowd and
Hoffmann, 2005). This thesis concentrates on théhaak development for iodine
speciation measurements in marine aerosols, flet@¢roations on aerosol iodine, and
their implication for iodine cycling in the MBL.

6.1 Method Development for | odine M easurement

ICP-MS is shown to be a sensitive, accurate anghbilel technique for iodine

measurements in the marine aerosol samples. Tite bfidetection (LODs) were both
0.1pg L™ for total iodine measurements in aerosol wateraeis and aerosol TMAH

extracts, which is sensitive enough for iodine meament in the marine aerosol
samples. Reproducibilites and recoveries were #dhinvthe requirement for iodine
measurements in the ambient atmosphere. Quantinchy external calibration and
isotope dilution analysis were achieved successanl no significant difference was
found between the two methods.

Hyphenation techniques using ICP-MS as an iodireifip detector were also found
to be fast, sensitive and accurate for solublenedipeciation. IC and GE were both
coupled to ICP-MS for soluble iodine speciatiororfanic iodine species, iodide and
iodate, were separated successfully and deternbné@P-MS. For the G3268A anion
exchange column, the LODs for iodide and iodateew@bpg L™* and 0.1ug LY,
respectively; for AS16 anion exchange column, ti¥Dk were both 0.08g L™ for
iodide and iodate. The LODs of GE-ICP-MS were kb#ug L™ for iodide and iodate.
Reproducibilites and recoveries of the hyphenatemhniques were satisfactory for
soluble iodine speciation. In addition, unidentifi@gnals (UOIs) were observed in the
chromatograms of IC-ICP-MS with both columns andhe electropherograms of
GE-ICP-MS. These species are believed to be paolan& SOI in the marine aerosol,
which are suitable for being retained by anion exgfe column.

6.2 Global Distribution of Aerosol lodine

The results from the four campaigns in this workehahown that iodine is ubiquitous
in marine aerosols on a global scale. The samplieg included the West Irish coast,
the North and South Atlantic Ocean, the West Raliftean, the East and South Indian
Ocean, and coastal Antarctica. Soluble iodine weteatable in all locations, in the
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order of Mace Head > South Atlantic Ocean > Nortlartic Ocean >> West Pacific
Ocean > Indian OceanAntarctic coast. In general, the TSI variationseveund to be
correlated with biogenic activities (macro and miailgae blooms), showing a
significant contribution from marine algae. Wet dsgion played an important role in
the TSI variation at Mace Head, which is suggestede explained by the possible
transfer of iodine species between aerosol pastialed rainfall. Correlations were
observed between new particle formation (nucleatimd the TSI concentration
enhancement. In the South Atlantic Ocean and itatéstarctica, TSI was highly
correlated with the airmass history, showing high& concentrations when the
airmass were transported from the phytoplanktoorbl@rea as well as from the ice
front sector of coastal Antarctica, implying thia¢ teffects of airmass transport should
not be neglected. The iodine contribution from tbe front sector in the coastal
Antarctica indicates that an unknown mechanism atayr at the surface of the polar
sea-ice, which was also suggested by iodine moeromdasurement in Antarctica
(Saiz-Lopez et al., 2007; Saiz-Lopez and Boxe, 2008e TIlI concentrations during
the MHC was lower than the TSI, while comparableahid TSI levels were measured
during the CEC. It is likely that the open ocearyrba a more important source for
insoluble iodine in marine aerosols.

Soluble inorganic iodine was found to be only a enirodine fraction in marine
aerosols compared to SOI. lodide concentrations Wigther than iodate concentration
in the fine particle mode (< 2.0 or 2:/5). This is accordance to the previous studies
(Baker, 2005; Chen, 2005). Based on the resultthefsize fractionated samples,
iodide was distributed evenly in the 5 stages, sthidate was enriched mainly in the
coarse mode (size range: 2.0 — d@f), in particular in the range 2.0 — 5un.
Consistent results were observed in both MHC ani1®B campaigns.

6.3 Significance of Organic lodinein lodine Chemistry

SOl was the most abundant iodine fraction in thes®s sampled during this work.

The relatively contribution of SOI to TSI accounfed more than 90% at Mace Head,
the North and South Atlantic Ocean as well as ntben 70% during the cruise

campaign from East Asia to Antarctica. In additiorthe calculated SOI fraction (i.e.

TSI — inorganic species), unidentified organic spec¢UOIs) were also measured by
IC-ICP-MS and GE-ICP-MS, providing direct eviderafeSOIl in the aerosol particles.
These UOIs should be polar anionic iodine speaiestd the ionic polarity separation

in the IC columns.

Significant correlations were observed between &l iodide, implying a potential
relationship between photochemical SOI decompasiéind iodide formation. Such
reactions have been reported to occur in the irsk@awater environment (Wong and
Cheng, 2001).
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DOM -I +hv -~ DOM +1|~ (Reaction 6- 1)

The iodinated marine gels or colloids and theirotegosition products were observed
globally in submicron aerosols (Leck and Bigg, 20B&gyg, 2007; Leck and Bigg,
2008). These gels are transferred into the atmesgihebubble bursting and observed
by microscopy at particle size less than 50 nmssigeplying that Reaction 6-1 may
potentially occur in marine aerosols. The resultenf particle size ranges of 0.25 —
0.71um and 0.71 — 2.am both presented better correlation between SOlidtide
during the day samples at Mace Head, especiallywisigo most significant
correlations during sunny days (Section 3.2.1)sTarther suggests the possibility of
the SOl decomposition occurring in marine aerosols.

However, the abundant and widespread SOI in ma@nesols is not compatible with
the current understanding of iodine chemistry e MBL. The importance of organic
matter participating in the iodine cycling is sugtgel in this work.

6.4 Outlook

6.4.1 Development of New M ethods for |odine M easurements

To date various techniques are applied to the meamnts of iodine in the gas phase,
particle phase, and aqueous phase (e.g. ICP-MS,, ID@AS, BBCRDS etc.) (Hou et
al., 2000; Chen, 2005; Saiz-Lopez et al., 2006a)wéver, analytical challenges
remain for iodine measurements especially for aphesc iodine investigations.

Firstly, gaseous iodine measurements are vitdddtter understanding of the pathways
of gaseous iodine reactions and for clarifyingdhe-to-particle uptake process. lodine
oxides such as 10, OIO and elemental iodigeaile mainly measured by DOAS in the
field observations. One of the drawbacks of DOASsmeements is that it does not
capture iodine emissions on small scales, for e¥amfer tidal zones, averaging levels
over a light path of at least a few km. Other teghes such as LIF (laser induced
fluorescence) and CRDS (cavity ring-down spectrpgtavere introduced for 10 and
I, measurement recently and both appear to be sifablmeasurement of 10 on a
small scale e.g. from coastal intertidal regionsiZ&.opez et al., 2006a; Wada et al.,
2007; Whalley et al., 2007). In addition, HOI istight to be a reactive iodine species
which may be responsible for the reaction with arganatter to form organic iodine.
According to a modeling study, HOIl was suggestedhasdominant tropospheric
iodine-containing species at altitudes below 8 Kbays et al.,, 1996) but the
determination of HOI is still an analytical chalign due to its reactivity in the
atmosphere. Interhalogens such as ICl and IBr @lfeve to significantly increase the
gaseous halogen reservoir and suitable techniqeeseddom reported (Vogt, 1999).
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Recently the denuder technique for differentiatdtCl, IBr and | are also reported as
a promising technique for field reactive halogemsaation (Huang and Hoffmann,
2008). The state of the science of gaseous iogreiss measurements shows that
more reliable techniques are necessary in thedutur

Although more research focus has been given tosakrodine measurements, field
observations are still limited (Baker et al., 20B@ker et al., 2001; Baker, 2004, , 2005;
Chen, 2006; Gilfedder et al., 2008). lodide andatedcan be measured by many
different techniques so far. New challenge arise®fganic iodine measurement: both
soluble and insoluble iodine. Anion exchange chrtography coupled to ICP-MS was
shown to be possible for soluble organic iodine sneaments (Gilfedder et al., 2008).
Also, SOI signals appeared in the electropherogfaons GE-ICP-MS (section 2.5.2)
and chromatograms of Reverse Phase Liquid Chromsiby (RPLC) -ICP-MS
(Figure 6-1). A preliminary work was conducted lmupling of a RPLC and a high
resolution ICP-MS (Element2, Thermo, Bremen, Geryhahhis method for organic
iodine separation and quantification seems promiss RP column is thought to be
universal for organic compound separation. Thus emonprovement for the
compatibility between RPLC and ICP-MS should be eiad this method in the future
(Lai et al., 2007). The mentioned organic iodirgnais found in the newly developed
methods are still not identified until now. In atioin to SOI, insoluble iodine is seldom
analyzed and no speciation work had been done (Ck@05). Therefore, novel
techniques are expected to be used for solublénantlible iodine measurement in the
future.

PMZ.5 collected on June 16, 2006, Mace Head
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Figure 6- 1 Chromatograms of Blmarine aerosol measured by RP-HPLC-ICP-MS

In recent years, Aerosol Mass Spectrometry (AMS) been applied to investigate
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aerosol formation from iodine containing emissianaboratory chambers, in which
several particulate iodine species such dsHIO", 105", HIO,", HIO3", 105", 1,O" and
1,03" have been detected (Jimenez et al., 2003). Howauefield measurement for
iodine in aerosols has been reported by this tecenito date. Online measuring
method is always ideal for monitoring actual praduduring the atmospheric reactions
and for mechanism investigation. However detechiorits may be problematic for
aerosol iodine measurement.

6.4.2 M echanism I nvestigation on lodine Chemistry

lodine precursors driven nucleation events have bbserved at Mace Head (O'Dowd
et al., 2002a). However, the nucleation eventsetirlyy iodine chemistry in the coastal
areas are not always observed, despite rather stx¢emacro algae beds at other
coastal sites such as Cape Grim, Tasmania, Aws{@diiney et al., 2007). The question
arises whether iodine driven nucleation providesoarce of particles of global
importance. The global flux of iodine driven nudlea events is vital to estimate the
impact of iodine chemistry on climate change oihoh@ scale.

More investigations are needed on the release mesrha of iodine precursors such as
I, and volatile organic iodine; Is regarded as the main iodine precursor in theeMB
iodine cycle (McFiggans et al., 2004) but the reéeanechanisms are still not fully
understood especially in the open ocean(O'DowdHuwftmann, 2005; O'Dowd and
De Leeuw, 2007). Whether the pathways,aélease into the atmosphere is exclusively
and directly connected with the biological processe also consist of an abiotic
process at the air-sea interface is currently noinn (O'Dowd and Hoffmann, 2005).
The significantly lower biogenic emissions over tpen ocean when compared with
the coastal ozone imply the mechanism diversityaditile iodine release in the open
ocean (O'Dowd and De Leeuw, 2007). The ice froatosen coastal Antarctica is also
thought to be an area with large iodine flux andeas hypothesis of volatile iodine
release in the sea-ice brine was proposed (SaieZd.ep al., 2007; Saiz-Lopez and
Boxe, 2008). Further works should be designed &buate the release mechanisms of
iodine precursors based on both lab experimentdialudobservations. Their roles in
open ocean particle production are valuable fah&rrexploration.

The relatively abundant SOI measured in the maé@resols was recently emphasized
by several studies (Baker, 2005; Gilfedder et24108). The sources of SOI as well as
the formation mechanisms are still open questiBesction between HOI and organic
matter in gas phase is taken as the most possibtshanism for organic iodine
formation and subsequently taken up into the darpbase.

Org-H+HOI - Org-1+H,0 (Reaction 6- 2)
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Also, by analogy with the known reactivity of dibsed organic iodine in seawater, the
decay of SOI provides a route for the formationaefosol iodide (Baker, 2005;
Gilfedder et al., 2008). Nevertheless, there ielitlata gathered to date to evaluate
formation mechanisms of SOI and their exact rotesaerosols. Identification and
guantification of organic iodine is necessary asd/ modeling should be conducted,
which will improve the current understanding ofiroel chemistry.
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Appendix

Appendix

Chlorophyll Data (from Modis website, modis.gsfcaaov/)
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Appendix

Chlorophyll Data (from Modis website, modis.gsfcaaov/)

February 2006 March 2006
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Appendix

Chlorophyll Data (from Modis website, modis.gsfcaaov/)
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Appendix

Chlorophyll Data (from the fluorometer on the GeHxplorer)
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Abbreviation Index

Abbreviation I ndex

AMS Aerosol Mass Spectrometry

BBCRDS Broadband Cavity Ring-Down Spectroscopy
CE Capillary Electrophoresis

CEC Celtic Explorer ship Campaign

CPC Condensation Particle Counter

DOAS Differential Optical Absorption Spectroscopy
DOM Dissolved Organic Matter

ESI-ITMS Electrospray lonization lon Trap Mass Spametry
FRM Federal Reference Method

GC Gas Chromatography

GE Gel Electrophoresis

HPLC High Performance Liquid Chromatography

IC lon Chromatography

ICP-MS Inductively Coupled Plasma — Mass Spectroynet
IDA Isotope Dilution Analysis

IDMA Isotope Dilution Mass Spectrometry

LA Laser Ablation

LOD Limit of Detection

MAP Marine Aerosol Production from natural sources
MBL Marine Boundary Layer

MHARS Mace Head Atmospheric Research Station
MHC Mace Head Campaign

MS Mass Spectrometry

NAA Neutron Activation Analysis

N.D. not detectable

ODEs Ozone Depletion Events

OOMPH Organics over the Ocean Modifying Particlebaoth Hemispheres
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Abbreviation Index

PEEK Polyetheretherketone

PMyo Particulate Matter with aerodynamic diameter serahan 10 pm
PM; 5 Particulate Matter with aerodynamic diameter semdghan 2.5 pm
RF Radiofrequency

RPLC Reversed Phase Liquid Chromatography

SOl Soluble Organic lodine

SSM Sea Surface Microlayer

TII Total Insoluble lodine

TMAH Tetra-Methyl-Ammonium-Hydroxide

TSI Total Soluble lodine

TSP Total Suspended Particle

uol Unidentified Organic lodine

VFC Volumetric Flow Controller

VOI \olatile Organic lodine
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