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Summary

Reactive Halogen Species (RHSs, X, X,, XY, X0, OX0O, HOX, XNO,, and XONO,, where
X, Y denotes different halogen atoms) are known to play an important role in a wide variety
of atmospheric processes such as atmospheric oxidation capacity (e.g., catalytic destruction
of ozone, altering the partitioning of NOy and HOy) and coastal new particle formation.
Despite extensive efforts in the past 10 years a number of uncertainties about the sources,
sinks, kinetic parameters as well as the recycling of RHSs remain, and the identification and
quantification of certain key RHSs are still a challenging analytical problem. The aim of this
work was, at first, to develop analytical approaches for measuring X,, XY, and HOX and,
secondly, to investigate the sources, atmospheric processes and impacts of RHSs in the
marine boundary layer (MBL) by using the approaches developed here in conjunction with

other related atmospheric measurements.

A readily accessible, straightforward impinger method based on in situ
collection/derivatization followed by Gas Chromatography—Mass Spectrometry (GC-MS)
determination was developed for measurement of gaseous iodine-containing halogen species.
When an aqueous solution of 1,3,5-trimethoxybenzene (1,3,5-TMB) is used in the impinger,
the total iodine of a mixture of ICl, IBr, and I, can be quantitatively determined with an error
ranging between 2.6% and 11.2% as 1. The differentiation between ICl, IBr, and I, prove to
be possible by using different reaction mediums (i.e., CH;0H, CCls, and H,0), which
provides an attractive protocol for iodine species analysis for laboratory-based atmospheric
chemistry research. However, the impinger method is subjected to potential artifacts resulting
from particulate halogens for field-based measurements. Therefore, diffusion denuder based
approaches which can separate gases and particles present in the same air mass and
quantitatively collect the gaseous targets were developed. Quantitative collection of I, with
efficiency larger than 98% is realized when a-cyclodextrin (a-CD) spiked with a
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differentiable '*T" isotope (optimized molar ratio, > 1:3 of I/L; and > 950:1 of a-CD/L,

respectively) is used as denuder coating materials. The entrapped '*'I, together with the '*T
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spike is subjected to postderivatization to convert inorganic » and to
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4-iodo-N,N-dimethylaniline for GC-MS analysis. A 1,3,5-TMB-coated denuder is
demonstrated to be capable of quantitatively collecting gaseous Activated Halogen
Compounds (AHCs, i.e., Activated Chlorine Compounds (ACICs, HOCI and Cl,), Activated
Bromine Compounds (ABrCs, HOBTt, Br,, BrCl, and IBr), and Activated Iodine Compounds
(AICs, ICI and HOI)) based on in-situ selective derivatization. The respective derivatives of
ACICs, ABrCs, and AICs are separated by GC and determined by MS. The
1,3,5-TMB-coated denuder is a very poor sink for gaseous I, collection with an efficiency
being less than 1%. Consequently, the separation and quantitative collection of gaseous AHCs
and I, can be achieved by coupling the 1,3,5-TMB-coated cylindrical tube upstream of an
0-CD/'®T-coated tube. The limits of detection (LODs) of these halogen species are achieved
at the sub-part-per-trillion (sub-ppt) level. Also the coupled denuder system is demonstrated

to be applicable for field measurements.

The developed denuder methods have been used in three field campaigns, i.e., two carried out
in the coastal MBL on the West Coast of Ireland (Mace Head and Mweenish Bay) in 2007
and 2009 and one in Antarctica in 2009. Extraordinarily high concentrations (of the order of
107 ppt) of AHCs and I, are observed for the first time in the coastal MBL in Ireland, which
explains the ozone destruction observed at that site during day and night-time. Concurrent
measurements show that the mixing ratios of I, are about 10°~10* higher than the mixing
ratios of the 1odocarbons. The emission levels of I, are found to correlate inversely with tidal
height and correlate positively with the concentration levels of O3 in the surrounding air. In
addition the release is found to be dominated by algal species compositions and biomass
density, which proves the “hot-spot” hypothesis of atmospheric iodine chemistry. The
observations of elevated concentration levels of I, substantially support the existence of
higher concentrations of littoral iodine oxides and thus the connection to the strong ultra-fine
particle formation events in the coastal MBL. Furthermore, the enhanced ozone destruction at
night and the involvement of NOs radicals may stimulate future interest in night-time

atmospheric halogen chemistry.



In conclusion, while considerable advances have been made in the past years in terms of a
better understanding of the atmospheric processes of RHSs, considerably more work needs to
be conducted to advance our knowledge of the impact of RHSs, in particular AHCs, on the
marine atmosphere. With the increased scientific focus on this field it can be expected that the

questions arising in this thesis can be answered in the near future.
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Chapter 1
Introduction

1.1 Current State of Knowledge
1.1.1 Halogen Chemistry in the Troposphere

Halogens are very reactive chemical compounds that are known to play an important role in a
wide variety of atmospheric processes such as the well-known stratospheric ozone depletion
[Molina and Rowland, 1974; Wofsy et al., 1975]. They are of special interest because they
are also involved in many reaction cycles in tropospheric chemistry that can influence the
atmospheric oxidation budget indirectly by effecting the concentration levels of O3, HOx (OH
and HO,), and NOx (NO and NO,) and directly by reactions of the halogen radicals with
organic molecules. Halogens can also regulate the formation of cloud condensation nuclei

(CCN) and thus influence the global radiation budget and climate.

Interest in halogen atmospheric chemistry was greatly stimulated after it was postulated that
the release of industrially produced halocarbons, in particular the chlorofluorocarbons (CFCs),
could lead to severe depletion of stratospheric ozone by reactions involving the CFC
photolytic product radicals as catalysts [Molina and Rowland, 1974]. The involvement of
halogens in tropospheric chemistry was first observed in the Arctic, where strong ozone
depletion events (ODEs) were found to coincide with high concentration levels of bromine
[Barrie et al., 1988]. Since then, the impact of halogens on tropospheric chemistry received
increasing attention and became a growing active research field. Numerous tropospheric field
measurements and modeling studies were realized within the past two decades. These studies
mainly concentrated on chlorine (Cl), bromine (Br), and iodine (I) since these halogens

proved to be of special importance.



In the following sub-sections, sources of halogens (i.e., Cl, Br, and I) in the troposphere and

the impacts of halogens on tropospheric chemistry are described.

1.1.1.1 Sources of Halogens in the Troposphere

There are two predominant sources of halogens in the troposphere. First, emissions of
halogenated organic compounds (halocarbons) from a variety of terrestrial and marine
sources, and second, emissions/release of inorganic halogens from marine sources, volcanoes,
and salt lakes. Once halogens are released into the atmosphere they undergo a series of
reaction chains in the gas-phase, the particle-phase and at the interface (see Figure 1.1) [von
Glasow and Crutzen, 2007], which results in the recycle of some halogen species and the

formation of new halogen species.

1.1.1.1.1 Emissions of Halocarbons

Halocarbons are emitted from a range of natural sources, as well as from anthropogenic
sources such as fossil fuel burning, biomass burning, and industrial emissions. The natural
sources are mainly of marine origin (e.g., seawater, macroalgae, and phytoplankton). Over
the past two decades a wide variety of halocarbons, such as CH3;Cl, CHCls, CH3Br, CHBr3,
CH,Br,, CH,BrCl, CHBr,Cl, CHBrCl,, CHsl, CH,I,, C,H;sl, CsH7I, CH,CII, and CH,Brl, has
been observed at a number of oceanic locations [Lovelock et al., 1973; Penkett et al., 1985;
Khalil and Rasmussen, 1999a; Li et al., 1999; Carpenter, 2003; Carpenter et al., 2009]. Table
1.1 shows the typical atmospheric mixing ratios, estimated global annual emission rates, and
atmospheric lifetimes of some important halocarbons. Some of the organic halogen
compounds get photolyzed or react with OH radicals in the troposphere leading to the release
of halogen atoms whose main fate is to react with ozone, forming the halogen oxide radicals
(XO). The alkyl chlorides and bromides have longer atmospheric lifetimes, which leads to the
transport of fractions of these compounds into the stratosphere and the destruction of
stratospheric ozone. Since the absorption spectra of iodocarbons tend to be shifted to longer
wavelengths than their chlorine- and bromine-containing counterparts, the photolysis of
iodocarbons is much faster (see Table 1.1), which results in the occurrence of ozone depletion
and new particle formation in the marine boundary layer (MBL) [O’Dowd et al., 2002;
O’Dowd and Hoffmann, 2005; Read et al., 2008].
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Figure 1.1 Schematic diagram of the major halogen-related reactions within the gas- and
particle-phase and at the interface (modified from von Glasow and Crutzen, 2007).

1.1.1.1.2 Emissions/Release of Inorganic Halogens

Biogenic emission of inorganic halogens by seaweed has been recognized to be of
importance for halogen chemistry on regional and global scales. About two decades ago,
Wever [1988] and Wever et al. [1991] reported direct emission of HOBr and Br, from
macroalgae. Recent field measurements and laboratory-based studies [Saiz-Lopez and Plane,
2004; McFiggans et al., 2004; Huang et al., 2009a; Palmer et al., 2005; Kiipper et al., 2008;
Dixneuf et al., 2009] also indicate that biogenic emission of I, by seaweed is one of the most
important processes responsible for the observed tropospheric iodine levels in coastal
locations. A possible mechanism for the release of I, from marine Laminaria macroalgal
species was suggested as follows [Kiipper et al., 2008]: Iodine is accumulated in kelp in form

of iodide (I') that provides kelp with an antioxidant and can readily scavenge reactive oxygen



species like O3 on the thallus surface and in the apoplast of the kelp, leading to the release of
I, when the plant is exposed to the atmosphere at low tide. However, whether seaweeds also

release other inorganic halogen species is unclear.

Table 1.1 Typical mixing ratios, estimated global annual emission rates, and atmospheric
lifetimes of some important halocarbons in the troposphere

Species Mixing ratio (ppt) ~ Emission rate (10° kg Atmospheric lifetime
yr')
CH;Cl 570-620° 3.7° 1.1-1.5yr°
CH;Br 10-20%¢ 0.12° ~0.7 yr*
CH;I 0.2-5.0¢ 2.1" 4 day®
CHCl; 10—45' 0.4-0.6' 6 month'’
CHBr; 0.5—1.0' 0.25-1.86' 20 day"
CH,Cl, 20—40' 6.0° 5—6 month”
CH,Br, 0.5-4" 0.012—0.02™ 0.2-0.5 yr"™
CH,I, <2t 1-2" ~5 min®
CH,ICI <1® 4.8" 100 min®
Cs;H/1 0.2-2° 0.003¢ 40 h°

*Khalil and Rasmussen, 1999a; Keene et al., 1999; °Li et al., 1999; Lobert et al., 1995;
‘Kurylo et al., 1999; Yvon et al., 1996; ¥Carpenter, 2003, and references therein; "Baker et al.,
2001, and references therein; 'Khalil and Rasmussen, 1999b; 'Quack and Wallace, 2003;
“Bilde et al., 1998; 'Khalil et al., 1999; "Carpenter and Liss, 2000; "Klick and Abrahamsson,
1992; °von Glasow and Crutzen, 2007.

Besides biogenic emissions, there are other possibilities for the release of iodine from the sea
surface. One might be the direct photochemical oxidation of iodide at the sea-air interface

suggested by Miyake and Tsunogai [1963]

41+0,+2H,0+hv 21, T+ 40H (R1.1)

However, the relevance and chemical mechanism of such photochemically induced I, release
from sea surface under real ambient conditions is still unclear. Another possible release
mechanism of I, is the oxidation of iodide at the sea surface by atmospheric ozone followed

by the release of I, into the atmosphere [Garland and Curtis, 1981]

21 +0,+2H" -1, T+0,+H,0 (R1.2)

From this iodine release mechanism, it is obvious that the I, release is directly connected to



the dry deposition of ozone to the sea surface. These abiotic release processes of I, might
occur not only at the open sea/atmosphere interface but also at the surface of sea-salt particles
[Mochida et al., 2000]. Actually, the release mechanisms of inorganic halogens from sea-salt
aerosols have been the subject of a number of modeling and field investigations. The most
important reservoirs for inorganic halogen species are supposed to be HX, HOX and XONO;
[Platt and Honninger, 2003]. The release occurs through heterogeneous reactions involving

hypohalous acids HOX (X= Cl, Br, or I), strong acids, and nitrogen oxides.

Halogen release via reactions with HOX

Gaseous HOX can be produced via the reactions of XO with HO, or organic peroxy radicals

(RO,) such as CH30; [Aranda et al., 1997]

XO+HO, »>HOX+0, (R1.3)
XO+CH,0, >HOX+CH,0 (R1.4)

HOX could also be a direct emission from seaweeds [Wever, 1998]. The reactive uptake of
gaseous HOX onto the surfaces of acidic salt aerosols can lead to the release of the
corresponding dihalogen XY (e.g., Bry, IBr, ICl, I, and BrCl) [Fan and Jacob, 1992; Tang
and McConnell, 1996; Vogt et al., 1996; Vogt et al., 1999; McFiggans et al., 2002; Braban
etal., 2007]

HOX+Y +H" — XY +H,0 (R1.5)

This process has been proposed to initiate both chlorine and bromine activation in aerosols
and is of particular importance in remote marine locations. In the case of uptake of HOBr
onto sea-salt aerosols, it is found that the ratio of [CI']/[Br] in sea-salt influences the halogen
species produced. In seawater the [CI']/[Br’] ratio is about 650, but in experiments the
[CT')/[Br7] ratios are varied to elucidate the release mechanism of halogen species. When the
concentration of Br is decreased below the sea-salt ratio, an increasing fraction of BrCl is
produced; however at high relative Br/Cl ratios, the predominant product released into the gas
phase is Br, rather than BrCl [Adams et al., 2002] because a substantial fraction of the
resulting BrCl reacts further with Br™ leading to autocatalytic Br activation [Vogt et al., 1996].
This mechanism has been supported by field observation that both BrCl and Br; are produced
from snow pack [Foster et al., 2001]. The [CI']/[Br’] ratio in snow is found to be very variable,

possibly because Br™ is removed from snow by Br;, release and uptake of gas-phase HBr can



add Br back to the snow [Simpson et al., 2005]. When all Br™ is used up, BrCl can escape
from the surface. Also, the uptake of HOBr and HOI onto frozen and dry NaCl/NaBr surfaces
has been investigated in the laboratory [Holmes et al., 2001; Adams et al., 2002]. The relative
percentage of the dihalogens released to the gas phase is found to be strongly dependent on
the ratio of CI to Br’, with Br, and IBr being the predominant products for HOBr and HOI
uptake, respectively. Further studies in terms of the reactive uptake of HOI on sea-salt and
sea-salt proxies show that the release of IBr may dominate ICI1 production since the resulting

ICl reacts further with Br™ [Braban et al., 2007].

The H' required in reaction R1.5 (the reaction appears to occur at appreciable rates only at
pH < 6.5 [Fickert et al., 1999]) could be supplied by strong acids such as H;SO4 and HNO3
originating from anthropogenic or natural sources (see below). The bromide-containing
aerosol could be sufficiently acidified by HBr. In the case of X=Y, the reaction (RI1.5)
sequence followed by photolysis of X,, oxidation of X by O3 and the conversion of XO to
HOX by HO, or CH30; (R1.3 and R1.4), leads the reaction cycle to the net result

XO+X +H"+HO,+20,—»2X0 +H,0+30, (R1.6)

In the case of X=Br the BrO radical acts like a catalyst promoting the oxidation of Br" by Os.
As a consequence, one BrO radical is converted into two by oxidizing bromide at the surface
of brine or dry sea salt on sea ice or aerosol. This process leads to an exponential growth of
the BrO concentration in the atmosphere, which results in the “Bromine Explosion” [Platt and
Janssen, 1995; Wennberg, 1999]. The current knowledge shows that bromine is released by
the autocatalytic process while chlorine is a byproduct [Fickert et al., 1999]. Indeed, severe
depletions of Br™ in sea-salt aerosol are observed in oceanic locations such as Southern Ocean.
Br’ deficits are typically greater than 40% (occasionally over 90%) compared with only about

5% for CI".

Halogen release via reaction with strong acids

The action of strong acids on sea-salt aerosols can lead not only to the acidification of the

aerosol particles but also to the release of hydrogen halides (HX)

H,SO, +2(NaX)__ .., —>2HX+(Na,S0,) (R1.7)

aerosol aerosol

HNO, +(NaX),,,.., = HX+(NaNO,) (R1.8)

aerosol



Since HX is highly water soluble it is likely to be irreversibly removed from the atmosphere
by wet or dry deposition. Also the recycling of gaseous HX via heterogeneous reactions is
possible and is supposed to be of significant importance in the polar region and in the remote
marine boundary layer [McFiggans et al., 2000; Sander et al., 1999; Vogt et al., 1999]. On the
surface of sea-salt aerosols the reaction of HOX with HX leads to the release of X to the gas

phase, as suggested by Fan and Jacob [1992].

Halogen release via reaction with NOy

The uptake of NOy like NO, and N,Os on sea-salt aerosols has been found to lead to the
release of halogens. Under the conditions of high NOy (e.g., at polluted or semi-polluted
environments) halogen release can occur via the reactions [Finlayson-Pitts et al., 1989;

Schweitzer et al., 1999; McFiggans et al., 2002]

N,O; +(NaX),, .., = (NaNO,) +XNO, (R1.9)

aerosol

2NO, +(NaX),, .., — (NaNO,),. ..., + XNO (R1.10)

aerosol

The XNO; formed in the above reaction may photolyze to release a halogen atom or possibly

further react with sea-salt [Schweitzer et al., 1999]

XN02 + (NaX) - (NaNOZ )aerosol + X2 (Rl 11)

aerosol

The formation of XNO; and X, can occur without light, leading to an accumulation of these
photolabile species before sunrise. Another possible night-time source of halogenated

nitrogen oxides is the uptake of NO;3 [Gershenzon et al., 1999]

NOS +(Nax)aerosol - (NaNOS )aerosol + X (Rl 12)

The halogen release can also occur by uptake of XONO; that is formed by the reaction of XO
with NO; in the gas phase. On the aqueous surface of aerosol particles XONO, can be
converted to HOX by hydrolysis [Sander et al., 1999; Holmes et al., 2001]

XONO, +H,0—>HNO, +HOX (R1.13)

or to (inter)halogen molecules by heterogeneous reaction with HY

XONO, +HY —>HNO, + XY (R1.14)



For the clean marine boundary layer (MBL), the above reactions involving N,Os, XONO,,
and XNO, are expected to play a minor role because of the low NOy concentrations. In
coastal regions or over salt lakes with elevated NOy, these reactions are more likely to be of

importance [von Glasow and Crutzen, 2007].

Halogen release via other potential processes

Under freezing conditions frost flowers may directly release gaseous halogens to the
atmosphere or they may produce aerosol particles that carry halide ions into the atmosphere,
where they then undergo halogen activation. Brine derived aerosol particles or brine wicking
may contaminate snow with halide ions that are then activated and emitted to the atmosphere
[Simpson et al., 2007]. Halogens may also be released into the atmosphere when ice freezes,
since the freeze-concentrated solutions have different reactivity compared with the unfrozen
solution [O’Driscoll et al., 2006]. The release of halogens under freezing conditions is of
critical importance, especially in Antarctica. More details about these processes are discussed

by Simpson et al. [2007].

1.1.1.2 Impacts of Halogen Species on Tropospheric Chemistry
1.1.1.2.1 Ozone Depletion

Halogen radicals are formed in the troposphere by the photolysis of dihalogens (X, or XY),
other inorganic compounds like HOX, XONO,, and XNO,, or organic halogen precursors.
The resulting halogen atoms react with ozone thereby producing halogen oxides (XO) within
a second. If the XO species photolyze, both ozone and the halogen radical are reformed and

no net reaction occurs. This photolysis process is of importance for X=I, Br and to a minor

extent Cl.
0,+X—>X0+0, (R1.15)
XO+0, (+M)+ hv - X+ O, (R1.16)

For bromine in the polar region, during the day and at a high ozone level BrO is the prevalent
species, however, at low ozone levels (<1 ppb) calculations suggest that Br can become more
abundant than BrO. Therfore, the partitioning of X/XO is controlled by the balance of
reactions R1.15 and R1.16. For the catalytic destruction of ozone to occur, the XO must

recycle to X atoms without production of ozone. This can be realized by self-reaction (XO +



XO), cross-reaction (XO + YO), XO + HO,, and XO + NO,. The self-reaction of halogen
oxides reforms halogen atoms or dihalogens, which rapidly photolyze leading again to two X

atoms

XO+X0—>2X+0,
—>X,+0, (R1.17)

In the case of X=Br, the reaction sequence that combines R1.15 and R1.17 represents a strong

catalytic ozone destruction cycle

2(BrO+0, »>BrO+0,) (R1.18)
BrO+BrO—2Br+0, (R1.19)
—Br,+0,—" 32Br+0, (R1.20)

net: 20,—-30,

This reaction cycle was proposed by Barrie et al. [1988] to explain Arctic ozone depletion

episodes.

XO may also react with a different halogen oxide YO

X+0,—>X0+0,

Y+0O,—>YO+O, (R1.15)

XO+YO—->X+Y+0O, (R1.21)
—>XY+0,— 5 X+Y+0, (R1.22)

net: 20,530,

Cross-reactions, e.g., CIO + BrO and 10 + BrO, are about one order of magnitude faster than
the self-reaction of BrO + BrO [LeBras and Platt, 1995; Solomon et al., 1994]. In a model
study by Sander et al. [1997] the presence of about 1 ppt of 10 leads to an increase in the O3
destruction rate of about 20% mainly via the reaction BrO + IO. The self-reaction and
cross-reaction of halogen oxides dominate O3 destruction when relatively high mixing ratios
of halogen oxides are present [Saiz-Lopez et al., 2004]. At lower concentrations of halogen

oxides, reaction with HO, radicals becomes important [Adams and Cox, 2002].



X+0, > X0+0, (R1.15)

XO+HO, >HOX+0, (R1.3)
HOX+hv — X+OH (R1.23)
OH+CO+0,—»>CO, +HO, (R1.24)

net: CO+0,—-CO,+0,

Note that instead of CO some other reduced compounds like CHy4 could also be oxidized.

In the polluted or the semi-polluted atmosphere the formation of halogen nitrate can also lead

to O3 depletion

XO+NO, (+M)— XONO, (R1.25)
XONO, +hv — X+NO, (R1.26)
NO, +hv ->NO+0O, (R1.27)
X+0,>X0+0, (R1.15)
NO+0O, —»>NO,+0, (R1.28)

net: 20,30,

However, the efficiency of this reaction cycle might be small since XONO, and NOj; can also
photolyze to XO + NO, and NO; + O, respectively. Furthermore, XONO, formed in R1.25

can also be removed by uptake onto aerosol surfaces.

More recent model study [Saiz-Lopez et al., 2006a] and field measurements [Huang et al.,
2009a] suggest that the production of atomic iodine radicals from the reaction of NO; with I,

in the coastal MBL can lead to elevated Oz depletion at night.

1.1.1.2.2 Modulating Atmospheric NO, and HO

The ratio of [NO;]/[NO] and [HO,]/[OH] as well as their absolute concentrations are affected
by the presence of halogen species, leading to a change of atmospheric photooxidation
potential. In the absence of halogen species, the ratio of [NO;,]/[NO] is controlled by the
reaction of NO with O3z and the photolysis (A< 400 nm) of the resulting NO,. In the presence
of elevated halogen species, however, the ratio of [NO,]/[NO] increases based on the

following reaction [Platt and Janssen, 1995; McFiggans et al., 2000]

XO+NO—X+NO, (R1.29)

Note that the resulting X will consume an O3 (R1.15); but the photolysis of NO, will produce



an Os. Thus, the overall effect of R1.29 is a null cycle in terms of Os;. However, the reaction
of XO with NO bypasses oxidation of NO by other oxidant, such as HO, to NO,, therefore
reducing the production of ozone, which can only happen by photolysis of NO, in the
throposphere.

The main sources of HOy are photolysis of O3 and HCHO, with potentially important but
uncertain contributions from HONO and higher aldehydes [Bloss et al., 2007]. The reaction
of XO with HO; (R1.3) can lead to the reduction of the [HO,]/[OH] ratio since the resulting
HOX acts as a (short-lived) HOx reservoir that delays the reformation of OH. The HO; loss
via reaction with XO is noticeable under low NOy conditions. Bloss et al. [2005] reported that
the reaction of 10 with HO, accounts for up to 40% of the total HO, radical sink. Further
reduction of the [HO,]/[OH] ratio can be expected if HOX is taken up by aerosol particles
instead of being photolyzed. In this case, HO, is lost from the gas phase and cannot be
reformed (R1.23 and R1.24). It should be noted that due to the reaction of XO with HO,

ozone production is reduced since HO, is no longer available for the oxidation of NO.

1.1.1.2.3 Impact on Organic Compounds

Halogens also have a significant impact on the photochemistry of volatile organic compounds
(VOC). Some light alkanes can be readily consumed (mostly by Cl atoms) by hydrogen
abstraction (producing HCI) during ozone depletion events (ODEs). The lifetime of propane
under normal conditions for example is about 14 days, however, reduced to about 8 hours
during ODEs due to the high concentration of Cl atoms (up to 7.5 % 10* cm™ during ODEs)
[Boudries and Bottenheim, 2000] and the high rate constant of Cl with propane (8800 times
larger with Cl than OH). Jobson et al. [1994] and Yokouchi et al. [1994] showed that reactive
alkanes, such as butane and n- and isopentane, are nearly completely removed during ODEs.
The main sink for Cl is the reaction with hydrocarbons and especially with CHa. In the cases
of alkenes and most aromatics, the production of oxygenated products is more important in
the polar marine boundary layer. For example, during ODEs, there is substantial consumption
of propane, and a concomitant increase in acetone [Guimbaud et al., 2002]. Also, the link
between organic and inorganic halogen may offer an explanation for the abiotic sources of
halocarbons. The reaction of extremely reactive HOI and /or HOBr with organic compounds
in the quasi-liquid layer has been proposed to explain high concentrations of the short-lived

di- and tri-halomethanes (e.g., CH,l,, CHBr3) observed in Hudson Bay, Arctic [Carpenter et
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al., 2005]. In a more recent study in our laboratory, it is found that some inorganic halogen
molecules, such as dihalogens, are very reactive towards aromatic compounds [Huang and
Hoffmann, 2009]. Therefore, the impact of inorganic halogen molecules on the atmospheric

photochemistry might be smaller than expected in polluted environments.

Dimethyl sulfide (DMS) is the most important gaseous precursor for sulfate aerosol in the
MBL. OH and NOj; are assumed to be the main oxidants for DMS, leading to the formation
of gaseous SO, whose main fate is to react with OH, forming new sulfate particles. However,
an alternate pathway is provided by BrO + DMS and 10 + DMS (although there are
uncertainties about the rate coefficient for the reaction of IO with DMS) [Dillon et al., 2006].
Since the product of these reactions is methane sulfonic acid rather than SO», it is speculated

that the formation of new sulfate particles in the marine troposphere could be decreased.

1.1.1.2.4 Other Important Impacts

The impact of halogen on the mercury (Hg) cycle in the polar boundary layer has been
realized [Steffen et al., 2007 and references therein]. Schroeder et al. [1998] were the first to
report rapid depletion of gaseous element mercury (GEM) in the polar boundary layer during
ODEs (“mercury depletion events”, MDEs). The typical GEM atmospheric residence time is
in the range of 6 to 24 months. However, during MDEs, GEM is converted to reactive
gaseous meucury (RGM) within a few hours, leading to lower GEM and enhanced particulate
Hg concentrations and increased deposition of mercury. This may have consequences for the
health of the aboriginal population and the Arctic ecosystems following flushing of the RGM
which is more bioavailable than GEM. It has been realized that atomic bromine plays an
essential role in MDEs since most MDEs are observed during nearly complete depletion of
ozone when a higher number of bromine atoms are available. Reactions of Cl, Cl,, and Br;

are too slow to be responsible for MDEs (e.g., Ariya et al., 2002).

Over the past few years, studies at mid-latitude sites have shown that new particles can be
produced very efficiently under iodine-rich conditions [O’Dowd et al., 2002; O’Dowd and
Hoffmann, 2005]. It is proposed that coastal nucleation events are driven by biogenic
emissions of iodine vapors that undergo rapid chemical reactions to produce condensable
iodine oxides [Hoffmann et al. 2001], leading to nucleation and growth of new particles. The
primary source of the condensable iodine vapors is thought to be molecular iodine

[McFiggans et al., 2004; Saiz-Lopez et al., 2006b; Huang et al, 2009b]. Although the



formation of iodine oxide particles is easy to reproduce in the laboratory, the mechanism
whereby iodine species such as IO, OIO, and 1,0, are oxidized to the higher oxides such as
1,03, 1,04, and 1,05 which are likely to be highly condensable because of their large dipole
moments, are not well understood. Also the role of iodine oxides in open-ocean new particle

production still remains an open question.

1.1.1.3 Observations of Reactive Halogen Species and the Approaches
Used

In recent years it became clear that reactive halogen species (RHSs = X, X;, XY, XO, 0XO,
HOX, XNO; and XONO,, where X, Y denotes a halogen atom) play a significant role in
tropospheric chemistry, as described above. Numerous tropospheric field measurements have
been realized, and some RHSs have been detected by several direct or indirect techniques. A

summary is shown below.

Differential optical absorption spectroscopy (DOAS)

Differential optical absorption spectroscopy (DOAS) is one of the most widely used
techniques for the field observations of RHSs. The principle of DOAS is the identification
and quantification of atmospheric trace gases by their specific narrow (<5 nm) band optical
absorption structure in the open atmosphere, separating trace gas absorption from broad band
molecule and aerosol extinction processes, thus allowing very sensitive detection of many
molecular species. The identification of the gases is unambiguous since their specific
absorption structure is, similar to a fingerprint, unique. Calibration of the instrument is not
necessary as long as the absorption cross section is known. The light source of DOAS can be
artificial (active DOAS) such as Xe-arc lamp, or natural (passive DOAS) such as zenith
scattered sunlight, moon or stars. Active DOAS has been used for ground-based
measurements of CIO, BrO, 10, OIO, and I, [Platt and Janssen, 1995; Hebestreit et al., 1999;
Saiz-Lopez et al., 2004; Saiz-Lopez and Plane, 2004; Saiz-Lopez et al., 2007b], and passive
DOAS for ground-, balloon-, and satellite-based measurements [Wagner and Platt, 1998;
Honninger et al., 2004; Saiz-Lopez et al., 2007a].

The observations of ambient iodine species (I, IO, and OIO) are realized only within the past
few years [Alicke et al., 1999; Saiz-Lopez and Plane, 2004; Stutz et al., 2007]. A maximum I,
mixing ratio of 93 parts per trillion by volume (pptv) at night and of 25 pptv during the day



was observed during the NAMBLEX field campaign at Mace Head, Ireland using LP-DOAS
[Saiz-Lopez and Plane, 2004], and the concentration levels of I, were found to correlate
inversely with tidal height [Saiz-Lopez, et al., 2006a], suggesting that local algae could be the
emission source of I,. During daylight I, molecules released will photolyze rapidly to form I
atoms that then react with O; to yield IO, which explains the clear anti-correlation between
10 and tidal height and a correlation between 1O and solar irradiation observed at Mace Head
and Mweenish Bay, Ireland [Saiz-Lopez, et al., 2006a; Huang et al., 2009a]. However, the
main precursors of 10 could be other iodine species than I, at certain coasts. Peters et al.
[2005] found that IO (up to 7.7 ppt) exhibited a clear anti-correlation with the presence of
CH:I, (at levels of up to 20 ppt) during a field campaign at the coastal line of Brittany, France.
The absence of some Laminaria species could be the reason why I, could not be detected in
Brittany since the biogenic emissions of I, could be algae species dependent [Huang et al.,
2009a]. In a field campaign at the Isles of Shoals, Gulf of Maine, IO was identified on 19 out
of 23 days; but no correlation with tidal height could be observed, suggesting an unknown
source of IO [Stutz et al., 2007]. Besides measurements in the coastal MBL, observations of
IO at levels of about 1 ppt at Tenerife indicate that IO is probably present in much of the
open ocean boundary layer, at levels where it may cause significant ozone destruction [Allan
et al., 2000; Read et al., 2008]. In addition, IO was occasionally observed during night-time.
A maximum mixing ratio of 2.5 ppt was observed at Mace Head [Saiz-Lopez and Plane, 2004]
and of 4.7 ppt at Mweenish Bay [Huang et al., 2009a]. The source of night-time 10 could be
related to the reaction of I, with NOj; to form iodine atoms which then rapidly combines with

O; [Chambers et al., 1992; Kaltsoyannis and Plane, 2008; Huang et al., 2009a].

OIO observations are still quite scarce so far and were realized in the remote MBL at Mace
Head [Saiz-Lopez and Plane, 2004; Peters et al., 2005] and Cape Grim (Tasmania) [Allan et
al., 2001] at night. During the day the mixing ratios of OIO observed were mostly below the
limit of detection of the DOAS instruments, probably due to the rapid photolysis and the high
detection limit of DOAS. An exception daytime OIO observation was realized in the polluted
Gulf of Maine [Stutz et al., 2007]. However, models predict that significantly higher OIO
levels could exist in a clean environment than in the polluted atmosphere. Our recent field
measurements at Mace Head and Mweenish Bay also showed that OIO mixing ratios were
above the DOAS detection limit several times during the day [Huang et al., 2009a]. However,
these elevated daytime OIO cannot be explained by the currently known iodine chemistry.

Certainly, more detailed measurements of OIO and its photolysis rate are required to clarify



the importance of OIO for the atmospheric iodine chemistry in the MBL (e.g., the impact on

new particle formation process).

In addition to the RHSs, DOAS techniques can also be used for the measurements of other
key atmospheric constituents such as Os;, NOy, and HOy, which facilitates a better
understanding of the impacts of halogen species on atmospheric processes. Nevertheless,
considering the low mixing ratios of the RHSs in the boundary layer, atmospheric spectra are
usually recorded over a light-path of several kilometers within tens of minutes when working
with the active DOAS, to enhance the optical absorption and therefore the limits of detection.
In such case, however, DOAS can just provide spatial and temporal average levels of the
RHSs, thus is incapable of resolving inhomogenous distributions of the trace gases and the
identification of potential sources and sinks. In addition, the limits of detection of DOAS are
somewhat high for certain halogen species like I, and OIO and are affected by weather
conditions, which makes the clear identification still difficult when the compounds of interest

are present at low concentration levels.

Resonance fluorescence method

Resonance fluorescence combined with chemical conversion (RF/CC) is another approach for
halogen oxides CIO and BrO measurements. Nitric oxide (NO) is added to the airstream
upstream of the detection region, converting halogen oxides to atoms (XO + NO — X + NO,,
where X= Br or Cl). The resulting atoms are subsequently detected by resonance fluorescence
in the vacuum ultraviolet, at about 131 nm for Br and 119 nm for CI. This technique has been
used extensively in the stratosphere on balloons and aircrafts. For tropospheric measurements,
however, a modified sampling system is required to achieve an internal pressure low enough
that losses of signal resulting from quenching and absorption by water vapor and oxygen are
minimal. This technique provides in situ measurements for halogen oxides and has been used
for BrO measurements at two high-latitude boundary layer sites (i.e., Ny Alesund and Alert)
[Avallone et al., 2003]. However, the overall accuracy of the RF/CC technique is limited by
the knowledge of the atomic absorption cross-sections, the accuracy of laboratory calibrations,

and the accuracy of the rate constants in the BrO/Br/NO/O3 system.

More recently, a vacuum UV RF system was developed and employed to detect atomic
iodine at around 178—184 nm [Bale et al., 2008]. The system can be operated either to

directly measure ambient iodine atoms or to measure the total photolabile iodine loading of
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ambient air through broadband visible photolysis of photolabile iodine-containing species
with subsequent RF detection of the resulting iodine atoms. The instrument provides in situ
measurements with relatively high time resolution and a relatively low limit of detection (5.3
ppt for iodine atom). The system has been used for the first time in August 2007 at the Mace
Head Atmospheric Research Station, Ireland. Ambient iodine atoms were measured at levels
up to 22 ppt during the day. The total photolabile iodine loading was also measured during

several night-time and daytime periods and was found to correlate inversely with tidal height.

“Hydrocarbon clock™ method

Estimates of enhanced levels of chlorine and bromine atoms during ODEs can be obtained
from measurements of changes of the ratio of different nonmethane hydrocarbons
(NMHCs)—the so called “hydrocarbon clock” method [Jobson et al., 1994]. The basic
assumption for this estimation is that the difference between the mixing ratios of selected
NMHC:s in ozone-depleted air masses and during “normal” ozone conditions is caused solely
by chlorine/bromine atoms because the reaction rates for some NMHCs with CI/Br are much
higher than those with OH radicals [Ramacher et al., 1999]. Time integrated chlorine atom
concentrations can be calculated from the changes in mixing ratios of substituted alkanes
such as C,Cly, and the bromine atom concentrations can be calculated from the change in the
real concentration of ethyne after correction for the Cl-atom-induced change. Wingenter et al.
[1996] estimated midnight to 11:00 am and noontime concentrations of 3.3%10* and 6.5%x10*
Cl-atoms cm™, respectively, in the North Atlantic. Singh et al. [1996] used measurements of
five different species to estimate early-morning CI concentrations in the remote tropical MBL
in the Pacific and inferred from these different compounds a range of 1.8x0*to 7.6x10°
Cl-atoms cm”. Other published data show average Cl-atom concentrations in the MBL
around 10’ atoms cm™ [Rudolph et al., 1997; Wingenter et al., 1999]. Solberg et al. [1996]
estimated the Br-atom concentrations of 5x10’—1x10°, which was about 1000 times higher
than Cl-atom concentrations. This ratio is very similar to the findings of Jobson et al. [1994]

and Ramacher et al. [1999].

It should be noted that the “hydrocarbon clock™ method can only provide the upper limits of
ClI- and Br-atom mixing ratios. The major part of the uncertainty of the estimation of Cl- and
Br-atom concentrations results from errors in the rate constants for the reaction of the

NMHCs with OH radicals as well as the initial concentrations of the investigated NMHC:s,



i.e., the concentrations of these compounds before halogen atoms are injected into the air
masses. Certainly, a careful selection of suitable NMHCs sets and a reliable and consistent set
of the relevant rate constants would further improve the accuracy of the halogen atom

concentration estimations.

Measurements of *C/**C in CH, and CO

In contrast to NMHC:s, the typical consumption of CH4 by Cl during ODEs is only about 1
out of 1850 ppb. Such a small deviation from ambient levels will be masked by natural
variations in CH4 mixing ratios in the order of several ppb. Also the change of CO produced
via CHy4 + Cl is much smaller than the natural variability. Therefore, variations in CH4 or CO
cannot provide a signal for the presence of Cl radicals. However, it should be noted that Cl
atoms react slower with *CH, than with >CH,4. The CO produced via CHy + Cl is about 90%
less °C than ambient CO. This addition of heavily depleted CO is measurable. Therefore,
measurement of the *C/">C ratio in atmospheric CO is a sensitive indirect method to detect
relatively low levels of Cl. This isotopic signature of CO has been used to estimate the
time-integrated amount of CI atoms encountered by the O3 depleted air mass in the Arctic
[Rockmann et al., 1999]. Also, the measurements of “apparent kinetic isotopic effect” of CHy
imply a kinetic isotope fractionation, which is inconsistent with OH being the only sink of
CH,4, and suggests a competitive removal of CH4 by Cl atoms. The summer maximum and
the seasonal mean Cl concentrations inferred were 7.1 x 10° and 2.6 x 10° atoms cm™ in the
Southern Hemisphere [Allan et al., 2001]. A more recent work showed that a seasonal and
interannual variability in Cl, i.e., 3 X 10% atoms ecm™ in 1994—1996 and ~10* atoms ¢cm™ in

1998-2000, is needed to explain the observed kinetic isotope effect [Allan et al., 2005].

Chemical amplification combined with chemiluminescence

Chemical amplification is a method commonly used for the detection of peroxy radicals (HO,
and RO,). However, Perner et al. [1999] found that chemical amplification is also sensitive
towards ClOy (CI+CIO+0OCIO). CIOy is recduced by NO to Cl atoms which then react with
CO in the presence of O,. The efficiency of the chain reaction (chain length), i.e., the number
of NO; molecules produced from one primary radical, was estimated to be 300 + 60 for Cl1Ox
and 160 + 15 for peroxy radicals by measuring the product NO,. This allows the atmospheric
ClOx to be measured under ambient conditions with a detection limit of better than 1 ppt.

During the Arctic Tropospheric Ozone Chemistry campaigns at Ny-Alesund, Spitsbergen,



ClOx was found at night during low ozone events at mixing ratios of up to 2 ppt.
Unfortunately, the chemical amplification is not specific, and both peroxy radicals and C1Oy
can contribute to a combined amplification signal, especially during daytime when large
HO4/ROy concentrations are present. In addition, water vapor proved to affect the chain
length for peroxy radical measurements, however, the influence on the chain length of ClOy
is not clear [Martinz et al., 1999]. This could result in large uncertainty of the ClOy

measurements.

Based on the theory of chemical amplification, Impey et al. [1999] developed an approach for
BrOy (Br+BrO). In this system, BrOy reacts with an added hydrocarbon (e.g., propene) in the
presence of NO to form a peroxy radical. The resulting HO; is then chemically amplified in
the presence of NO, CO and O,. BrOy can finally be measured by the determination of NO,
formed in the reaction chains. The interferences from RO,, HO,, ClOy, and the reaction of Os
with the added NO could be minimized by modulating the production of the HO, radicals
from BrOy. The detection limit is about 4 ppt.

Photoactive halogen detector

A photoactive halogen detector (PHD) was developed by Impey et al. [1997a], to distinguish
between photolyzable chlorine (Cl, and HOCI) and bromine (Br, and HOBr). In this
analytical system ambient air is drawn through a cylindrical flow cell (with a Xe arc lamp),
where the photoactive halogen molecules are photolyzed. The resulting chlorine and bromine
atoms then react with propene in the presence of O, and NO. The chloroacetone and
bromoacetone formed are subsequently measured with a gas chromatographic method. This
method has been used for total photolyzable chlorine and bromine measurements at Alert
during the Polar Sunrise Experiment 1995 [Impey et al., 1997b]. The mixing ratios of the
photolyzable chlorine observed were typically below 20 ppt as Cl,, with several events as
high as 40 and one 100 ppt as Cl,. The measured photolyzable bromine ranged from a few to
20 ppt as Br,, with one event up to 40 ppt. Subsequent developments of the PHD system
[Impey et al., 1999] allow the differentiation between the two photolyzable molecules, i.e.,
X, and HOX, due to their significantly different photolysis rates. The detection limits are 14
ppt for Cl, and 10 ppt for Br,, with higher values of 45 ppt for HOCI and 25 ppt for HOBr.
Although the PHD method provides a potentially useful technique for detecting the presence
of photolyzable chlorine and bromine, it should be noted that the PHD can also respond to



other photoactive halogen species, such as XNO, XNO,, XONO,, XY, and some organic
halogens [Impey et al., 1997a; Impey et al., 1999]. Therefore, the systematic errors in the

determination of an absolute concentration could be significant.

Filter—adsorbent method

The filter—adsorbent technique is one of the most widely used methods for the sampling of
gaseous halogen species, which typically involves a front filter to remove particles followed
by an impregnated filter or alternative aqueous solution that captures gaseous analytes. Keene
et al. [1993] developed a tandem mist chamber to sample chlorine gases in the MBL. In this
system, both coarse and fine aerosol particles are removed in the inlet. A trace gas
concentrator positioned downstream incorporates an acidic mist chamber (pH> 1.0) and an
alkaline mist chamber in series. Gaseous HCI® (including HCI, NOCI, CINO,, and CINO3)
and CI” (including Cl, and a portion of HOCI) are collected in the acidic and alkaline mist
chambers, respectively. Mist solutions are analyzed by ion chromatography by measuring the
resulting CI. However, in this tandem mist chambers, about 7-10% Cl, are collected in the
acidic chamber. Also if significant amounts of HOCI are present in ambient MBL air,
reported HCI" are overestimated by about 10% of corresponding CI°, and reported Cl, +
HOCI are underestimated by the unknown fraction of HOCI sampled in the acidic mist
chamber. This technique has been employed at different locations. The observed mixing
ratios of HCI" and CI" were < 38—268 ppt and < 26—254 ppt, respectively, in coastal air near
Miami, FL, USA [Pszenny et al., 1993], 27-263 ppt and < 6—38 ppt in Hawaii in September
1999 under clean conditions [Pszenny et al., 2004], 133—883 ppt and < 30—-258 in Bermuda in
Spring 1996 under moderately polluted conditions [Keene and Savoie, 1998], and < 48—-5727
ppt and < 20—421 ppt in New England under polluted conditions [Keene et al., 2007].
Alternatively, a NaOH (or LiOH)/glycerin impregnated filter paper positioned downstream of
the pre-filter can be used to collect inorganic gaseous chlorine, bromine, and iodine [Rahn et
al., 1976; Gibler and Heumann, 1993]. Although the filter—adsorbent technique provides an
useful approach for the differentiation between particulate associated, inorganic and organic
gaseous halogen, this technique is subjected to many artifacts resulting from particle-to-gas
and gas-to-particle conversion reactions as well as the retention of gaseous halogen species
on the pre-filter either directly on the filter material or on concurrently collected particulate

matter.



Atmospheric pressure chemical ionization with tandem mass spectrometry

Species-specific measurements of dihalogen molecules can be achieved by an atmospheric
pressure chemical ionization with a triple quadrupole mass spectrometer (APCI/MS/MS).
The instrument provides high selectivity by using two stages of mass analysis: the parent
ion—a negatively charged molecular ion selected in the first mass analyser—undergoes
collisionally activated dissociation to yield fragments (daughter ions) whose mass-to-charge
ratios (M/z) can be determined by the second mass analyzer. Highly selective monitoring then
can be performed by using the two mass filters to pass only the parent and daughter ions
related to the species of interest. For example, Br, can be measured as the ion pairs 158/79,
160/79, 160/81, and 162/81; Cl, as 70/35, 72/35, 72/37, and 74/37; BrCl as 114/35, 116/35,
116/37, and 118/37; and I, as 254/127. Since dihalogen molecules (e.g., Cl,) are highly
surface active, a laminar flow and multi-stage inlet is used to minimize wall interactions
during transit of the ambient air to the instrument. The sample line loss was estimated to be
10% for Cl,, 9% for Brp, and 13% for I,, respectively [Finley and Saltzman, 2008]. The
measurements suffer from some potential interference such as the aerosol remaining in the air

stream.

The APCI/MS/MS technique has been used for dihalogens measurements by several groups.
Spicer et al. [1998] observed up to 150 ppt Cl, at a coastal site in Long Island, NY, USA,
during night-time. Finley and Saltzman [2006] detected the mixing ratios of Cl, ranging from
< 2.5-20 ppt with a 2-month mean of 3.5 ppt in urban air in Irvine, CA, USA. Unlike Spicer
et al. [1998], they also measured Cl, during daylight, typically below 5 ppt but with a
maximum mixing ratio of 15 ppt, which implies a likely marine source. More recent
measurements [Lawler et al., 2009] at Cape Verde in the eastern tropical Atlantic showed that
the CI, levels ranged between < 2 and 30 ppt and that elevated CI, was associated with aged
polluted air, most likely as a result of aerosol acidification. The measurements at Alert,
Canada, during polar sunrise in Febuary/March, 2000 [Foster et al., 2001; Spicer et al., 2002]
showed mixing ratios of up to 35 ppt BrCl and of up to 25 ppt Br,, however for Cl, values
below the detection limit. The measured BrCl and Br, concentrations were inversely
correlated with those of ozone. Concurrent observations of Cl,, Bry, and I, were made in a
coastal Pacific site (La Jolla, CA) in January 2006 [Finley and Saltzman, 2008]. The
observed concentration levels of Cl,, Bra, and I, ranged from below detection limits of 1.0,

0.5, and 0.2 ppt, respectively, to maxima of 26, 19, and 8 ppt, respectively. The authors
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concluded that these dihalogens were present at significant and highly variable levels in
polluted coastal air and that the halogen atoms resulting from the photolysis of Cl, caused a

net production of ozone, while those from Br, and I, destroyed ozone.

In general, approaches to species-specific identification and quantification of RHSs in the
troposphere are still quite scarce (see also Figure 1.1). This makes the identification of the
sources and sinks difficult, especially under certain environmental conditions when, for
example, halogen species deplete rapidly or in certain regions, where some key RHSs are
present at relatively low concentrations. In addition, most of the current techniques just
provide temporal and/or spatial averaging, which does not facilitate a better understanding of
the halogen recycling. However, it should be noted that efforts have been made to develop
highly sensitive and selective techniques for in situ “single-point” measurements. For
example, a laser induced fluorescence spectrometer for IO [Whalley et al., 2007], a cavity
ring-down spectrometer for IO [Wada et al., 2007], a broadband cavity ring-down
spectrometer (BBCRDS) for I, [Bitter et al., 2005], an incoherent broadband cavity-enhanced
absorption spectroscopy (IBBCEAS) for I, OI, and OIO [Vaughan et al., 2008], and the
APCI equipped with an ion trap mass spectrometer [Ivey and Foster, 2005] or a triple
quadrupole mass spectrometer (see above) for dihalogens have been developed in the past

few years.

1.2 Aims of this Work

The first aim of this work was to develop new analytical approaches for certain key RHSs
such as HOX, XY, and X,. Time resolved concentration data on these key species are still
quite scarce or even not available so far. As described above, the measurements of RHSs are

still a challenging analytical problem, mostly because
® they are present at ppt or sub-ppt concentration levels in most cases;
® the lifetime of most of RHSs is short;

® some RHSs have very similar chemical properties, which leads to difficulties in

species-specific differentiation;
® other constituents in the atmosphere could also interfere in the RHSs measurements.

The currently available methods for RHSs are still few and therefore a number of

uncertainties about the sources, sinks, and the recycling of halogen remains open questions.
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Nevertheless, it should be noted that several analytical methods were improved or newly
developed during the three years of this study. Several methods regarding “single-point” in
situ measurements of certain RHSs (XY, HOX, and X;) have been successfully developed.
These novel measurement techniques allow a much deeper understanding of the atmospheric
processes in terms of sources identification and evaluation of atmospheric implications of

RHSs.

The second aim of this work was to investigate the mixing ratios of XY, HOX, and X, in the
coastal MBL using the methods developed in the first part. The field measurements
performed—for the first time—at the west coastal of Ireland (Mace Head and Mweenish Bay)
in 2007 provide “single-point” in situ concentration levels of these key halogen species,
which favors a better understanding of the sources and the impact of these halogen species on
the regional atmosphere. To get a better understanding about the sources and the cycling of
these halogen species, a more intensive field campaign was carried out in Ireland (at the same
measurement locations) in 2009. In addition, field measurements were also carried out during
an Antarctic cruise in early 2009 to investigate the concentrations of these halogen species
and to better understand their impact on the polar boundary layer. Unfortunately, laboratory
measurements of the samples from 2009-Ireland and 2009-Antarctica campaign have not

finished yet. Thus, these data will not be discussed in this thesis.

The results presented in the thesis are broken into two primary parts, i.e., Chapter 2 and 3.
Each part consists of 2—4 sub-chapters which have been published in or have been submitted

to internationally recognized journals:

» Chapter 2—Method developments

® 2.1 Diffusion technique for the generation of gaseous halogen standards
(Submitted to Journal of Chromatography A, 2009)

® 2.2 A denuder—impinger system with in situ derivatization followed by gas
chromatography—mass spectrometry for the determination of gaseous
iodine-containing  halogen  species (Published in Journal of
Chromatography A, 2008)

® 2.3 Extensive evaluation of a diffusion denuder for the quantification of
atmospheric stable and radioactive molecular iodine (Submitted to

Environmental Science & Technology, 2009)
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® 2.4 Development of a coupled diffusion denuder system combined with gas
chromatography/mass spectrometry for the separation and quantification of
molecular iodine and the activated iodine compounds iodine monochloride
and hypoiodous acid in the marine atmosphere (Published in Analytical
Chemistry, 2009)

» Chapter 3—Field measurements
® 3.1 Observations of high concentrations of I, and IO in coastal air supporting
iodine-oxide driven coastal new particle formation (Accepted by
Geophysical Research Letters, 2009)
® 3.2 In situ measurements of molecular iodine in the marine boundary layer: the
link to macroalgal species and the implications for O3, 10, OIO and NOy
(Accepted by Atmospheric Chemistry and Physics, 2009)

1.2.1 Technigue—Diffusion Denuder

Denuders were used for the first time as gas collection device in 1979. Since then, intensive
studies on the utilization of denuders for the measurements of gaseous constituents in the
atmosphere have been conducted, and the collection of ambient ammonia, nitrate, and
sulphur species by this technique are becoming routine analytical approaches for atmospheric
research [Kloskowski et al., 2002]. However, little attention is paid to date to atmospheric

halogen species.

Currently, theoretical principles governing the operation of denuders have been elaborated.
The phenomenon of denudation (see Figure 1.2) involves the movement of molecules and/or
particles being as a result of two forces: (1) a force vectored in accordance with the direction
of the gas stream, resulting from the forced flow of gas, and (2) a force perpendicular to the
longitudinal axis of the denuder (and its inner walls), resulting from the radial diffusion. As
such, the combined process of isolation and enrichment of analytes can proceed directly from
the primary matrix, that is, analytes present in the gas phase are retained by the active
collection surfaces of the denuder by either physical adsorption or chemical bonding, due to
their high diffusion coefficients, while aerosol particles can pass through the denuder tube
practically avoiding any contact with the walls of the device. In practice, to achieve excellent
performance with high collection efficiencies, a series of criteria must be met for the proper

operation of the denuder: (1) the sampled gas flow must be stable and laminar, (2) the
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temperature and viscosity must be uniform within the gas stream, (3) any axial diffusion of
the sampled gas must be insignificant compared to the linear velocity of the gas flow, (4) the
coating materials should behave as perfect sinks for the analytes in question (one of the most
important items), and (5) the adsorbate species should be neither created nor destroyed in the

gas phase within the denuder tube.
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Figure 1.2 Schematic diagram of the separation of gaseous molecules from particles in the
denuder: 1, particle; 2, gas molecules; 3, denuder coatings; 4, denuder wall. F-force, indices:
g—gas; p—particle; d—diffusion; f—gas flow [Kloskowski et al., 2002].

A wide variety of denuder constructions such as cylindrical denuders, annular denuders,
parallel plate denuders, and multiple channel denuders, are currently available [Dasgupta,
2002]. In this study, the cylindrical type was used since it has the advantages of being less
laborious to prepare and of ease of operation. A brief description of the theoretical

background of the cylindrical denuder is given as follows [Kloskowski et al., 2002].

_24 -



In general, the balance of component A in the cylindrical denuder is given by the following

differential equation:

oc, _  ac, o°c o°c, 1aoc
=-v—4+D,—2+D At——A |-r Eqn.1
ot ox " ox? A( or> ror )" (Ean-1)

where Cp is the concentration of component A in air (mol cm™), t is the time (s), X is the
longitudinal coordinate (cm), r is the distance from the longitudinal axis of the cylinder (cm),
v is the actual linear velocity of air flow (cm s™') for a laminar flow given by v = 2 v,,
(1-r*/R?), v,y is the linear velocity of air flow (cm s™), R is the internal radius of the denuder
(cm), D is the diffusion coefficient of component A in air (cm® s™), and ra is the gas-phase
reaction rate of component A (mol cm™ s™'). The equation describes the rate of change in the
concentration of component A in the cylindrical denuder, composed of the forced movement
of the air along the denuder (first term), longitudinal diffusion (second term), radial diffusion
(third term), and the homogenous chemical reaction (fourth term). Obviously, the solution of
the equation depends on the assumed initial conditions (t = 0) and the boundary conditions
with respect to X (from x = 0 to X = L, where L is the denuder length (cm)) and r (from r = 0
to r = R). It should be noted that in the case of r = R any heterogenous chemical reaction

between component A and the coating should be included.

Besides the boundary conditions, some additional assumptions have to be made to solve Eqn.
1. The first, also the most commonly used one, is the assumption that the composition of the
sampled air dose not change during its flow along the denuder, i.e., dca/OX = 0. The second
term of the equation, Da(8*ca/0X’), can also be omitted since the linear velocity of molecules
of component A resulting from longitudinal diffusion is negligible compared with linear
velocity of the air stream passed through the denuder (this situation exists when 2Rv/Dp > 10).
The last approximation lies in assuming that no homogenous reactions occur in the denuder

(ra = 0). Based on these reasonable assumptions, Eqn. 1 can be rewritten as

oc, o’c, 1ac
=D A A Egn.2
ot A( or® r 8rJ (Ean-2)

Assuming that the component A is present in trace concentrations, the flow is laminar, the
temperature is constant, and the amount of retained component A is small compared with the
capacity of the coating, the solution of Eqn. 2 is the well-known Gormley—Kennedy equation

[Gormley and Kennedy, 1949]:
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Cﬂ=0.819exp(—7.314Ac )+O.0975exp(—44.6AC )+0.0325exp(-2124, )+ - - -- (Eqn. 3)

Co

AcznzD;L (Eqn.4)
where C, is the mean concentration of the gaseous analyte leaving the denuder, Co is the
concentration of gaseous analyte entering the denuder, and F is the volume air flow rate (cm’
s). It is noted that Eqn. 3 is valid only if the value of A is greater than 0.01. However, for
most sampling applications, A is of the order of magnitude of 0.1, so that only the first term
on the right side of Eqn. 3 will be significant. Obviously, in such cases, the collection
efficiency (1-C,/Co) of a cylindrical denuder increases with an increase in the length of the

denuder and the diffusion coefficient of the analyte, and with a decrease in the gas flow rate.

The collection efficiency can be enhanced further by decreasing the radius of the tube.

Given that the diffusion coefficients of particles are substantially low, the values of 4. are in

general lower than 0.01 and the Gormley—Kennedy equation is rewritten as

iﬂﬂ— 4.064.%%+1.9A +0.28A %" (Eqn.5)
0

The diffusion coefficient of gas molecules can be estimated either by the experiential
Fuller—Schettler—Giddings method [Fuller et al., 1966] or by experimental determination
[Karaiskakis and Gavril, 2004]. The diffusion coefficients of particles can be obtained in
Seinfeld and Pandis [2006] and Hinds [1999]. Therefore, the theoretical (maximum)
collection efficiency of gas molecules and of fine particles can be estimated by Eqn. 3 and 5.
Figure 1.3 shows the theoretically calculated collection efficiency (for a denuder of 6 mm i.d.
x 50 cm length, and a gas flow rate of 500 mL min" which is a typical value used in this
work) as a function of the size of particle and halogen molecules. It can be seen from the
figure that for particles with the diameter of > 10 nm they pass through the denuder, whereas,
for smaller particles with the diameter of < 10 nm a certain amount of which can diffuse to

the inner wall of the denuder.
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Figure 1.3 Theoretically calculated collection efficiency (maximum) as a function of the size
of particle and halogen molecules.

1.3 Summary of the Work

1.3.1 Diffusion Technique for the Generation of Gaseous Halogen
Standards

One of the most critical steps associated with the development of analytical procedures to
measure gaseous compounds in air is the generation of know and reproducible gaseous
standards at typical ambient mixing ratios since gaseous standards are essential for the
verification of reliability of either sampling methods, multi-step analytical procedures or
online instruments. The first paper describes for the first time the generation of inorganic
gaseous standards of halogens based on a capillary diffusion device. Compared to static
methods (involving the dilution of a concentrated standard or a pure compound to a defined
gas volume) the -capillary-based device (dynamic method) provides more reliable
concentrations of the compounds of interest over a large concentration range by simply
changing the capillary dimension (i.e., length and inner diameter) or temperature used. When
diffusion capillaries with relatively large inner diameters (i.e., > 1-2 mm i.d.) are used the
experimentally measured output rates of ICl, IBr, Br, and I, are in close agreements with

their respective theoretical predictions calculated by the diffusion equation, which is
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consistent with a previous work focussing on semi-volatile organic compounds [Possanzini et
al., 2000] in which a good agreement is also found when larger capillaries are applied. When
smaller capillaries are used the actual test gas output can be elevated by up to two orders of
magnitude compared to their respective calculated values and the output rates significantly
depend on the headspace volume of the diffusion vessel. This phenomenon can be attributed
to the influence of ambient pressure variation on the test gas output. During an ambient
pressure drop (e.g., by metorological variations) the resulting volume variations within the
diffusion device will force a certain amount of saturated vapour to leave the test gas vessel (in
this case, the output will not only be governed by diffusion). However, despite the increasing
discrepancies between theoretical and practical output rates, diffusion capillaries with longer
length and smaller diameter are still useful for the generation of gaseous standards because
low concentrations can be achieved without sequential large-volume dilution. It is found that
the output rates decrease with the decrease of capillary dimension (i.e., increasing length and

decreasing inner diameter) (see Figure 1.4, results from ICI testing for example).

In addition, it is found that in the case of using capillaries with extremely small dimensions
(e.g., 0.10 mm i.d. x length 5-20 cm) relatively poor reproducibility occurs (R.S.D. (Relative
Standard Deviation) = 6.0%—13.5%). In addition to the measurements of the test gas output
by a gravimetric method (i.e., by periodically measuring the mass loss of the analyte vessel),
the paper demonstrates that a diffusion denuder method (e.g., the method described in the
second paper) to measure the test gas output is suitable and can even be beneficial since it is

less time-consuming than the gravimetric method.

(A) 120 (B) 45
! ) ) . 404 o gravimetric method
1004 ﬁi o gravlmetncmethod ¢ denuder method
\ * denuder method —~ 35-
— 't
"o 80+ 2 30-
o £
= 2
2 © 254
@ 60 'g- .
2 é 207 1;;1"“~»_
3 40 15+ T
104 R
204
T T T T T T T T 5 T T T T T T T T
0 5 10 15 20 0 5 10 15 20

Length of diffusion capillary (cm) Length of diffusion capillary (cm)

Figure 1.4 Measured output rate of ICl from the diffusion based capillary device, as a
function of the capillary dimension. (a) capillary inner diameter 0.53 mm, and (b) capillary
inner diameter 0.1 mm.
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1.3.2 A Denuder-Impinger System with in situ Derivatization Followed
by Gas Chromatography—Mass Spectrometry for the Determination of
Gaseous lodine-Containing Halogen Species

After the generation of gaseous halogen standards the aim was to develop a reliable analytical
technique for the measurements of these gaseous halogens. The basis of the approach is in
situ derivatization (collection) of inorganic halogens to form organic halogen compounds
followed by a gas chromatography—mass spectrometry (GC—MS) method. Two totally
different sampling techniques, i.e., impinger and denuder, are investigated. For the
measurements taken by the impinger the respective collection efficiency obtained is 90.3%
for ICl, 95.7% for IBr, and 88.8% for I, (see Figure 1.5a), when an aqueous solution of
1,3,5-trimethoxybenzene (1,3,5-TMB) is used. All three iodine species form the same
iodination derivative 1-i0do-2,4,6-trimethoxybenzene (1-iodo-2,4,6-TMB) in 1,3,5-TMB

aqueous solution.

IX (X=CI,Br,1)+H,0 —HOI+HX (R1.30)

HOI+ArH— Arl+H,0 (R1.31)

12 2 i
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Figure 1.5 Collection efficiency of ICl, IBr, and I, by aqueous 1,3,5-TMB-loaded impinger
(a) and by 1,3,5-TMB-coated denuder (b).

As such, this method can be used for total iodine measurements of a mixture of the three
iodine species (2.6—11.2% error as I). However, the aim was to differentiate and quantify
these species since the potential influences of iodine on tropospheric processes are species
dependent. Therefore, other reaction media were investigated. In methanolic solution of

1,3,5-TMB the collection efficiency of IBr and I, decrease to 21.5% and 6.93%, respectively;
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whereas a relatively high efficiency of 78.7% is maintained for ICl. In CCl, solution of
1,3,5-TMB the iodination yields drop further; however, IBr delivers bromination derivative
1-bromo-2,4,6-trimethoxybenzene (1-bromo-2,4,6-TMB) with an efficiency as high as 88.2%.
Therefore, it is possible to directly measure individual iodine species ICl and IBr and to
calculate the I, concentration as the difference between total iodine (ICI +IBr + I,) and ICI +

IBr by the use of different reaction media for impinger operation.

However, it should be noted that ICI can be overestimated when either IBr or I, is present in
significant higher concentrations than ICI since both IBr and I, also moderately deliver the
same iodination derivative in methanolic solution of 1,3,5-TMB. As a consequence, the
concentration of I, will be underestimated. To address this issue in this paper we use a
denuder—impinger coupled system (see Figure 1.6). IC] and IBr are quantitatively collected in
the front denuder based on in situ selective derivatization (i.e., ICl and IBr are converted into
1-i0do-2,4,6-TMB and 1-bromo-2,4,6-TMB, respectively), with respective collection
efficiencies of 99.2% for ICI and 92.6% for IBr at 500 mL min™ gas flow rate. The collection
efficiency for I, is lower than 1% in the same denuder system (see Figure 1.5b). Therefore, 1,
will pass through the denuder tube and will be collected by the aqueous 1,3,5-TMB loaded

impinger downstream of the denuder.

Teflon connector 1,3,5TMB coated denuder
. "‘\‘ -
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Figure 1.6 Schematic diagram of the denuder—impinger coupling system.
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1.3.3 Extensive Evaluation of a Diffusion Denuder for the
Quantification of Atmospheric Stable and Radioactive Molecular lodine

Interest in iodine atmospheric chemistry has been greatly stimulated in the past few years by
the suggestion that I, rather than iodocarbons is the most important precursor for coast new
particle formation and also the dominant source of coastal reactive iodine in the MBL
[O’Dowd and Hoffmann, 2005; Saiz-Lopez and Plane, 2004; McFiggans et al., 2004].
Although some progress has been made, a number of uncertainties about the sources, sinks,
and the recycling of iodine remain. One of the problems in this field is the lack of a readily
accessible, straightforward and robust technique to measure gaseous I, at low concentrations
approaching those encountered in the atmosphere. Typically, atmospheric measurements of
molecular iodine are made by the use of LP-DOAS [Saiz-Lopez and Plane, 2004; Peters et al.,
2005] or BBCRDS [Saiz-Lopez et al., 2006b]. However, the limits of detection of these
spectrometric methods are in general relatively high (~ 20 ppt), which makes the accurate
quantification of daytime I, still difficult and therefore obscures our understanding on the
atmospheric processes of iodine (for example, the process of coastal new particle bursts),
since models have predicted that even very small amount of I, under daytime conditions
could strongly affect the marine atmosphere [Peters et al., 2005]. Although the
impinger-based method [Huang and Hoffmann, 2009] provides an alternative for the
“single-point” in situ measurements of molecular iodine, a front filter (upstream of the
impinger) is typically required to remove particulate iodine, which is then subjected to the
potential artifacts resulting from particle-to-gas and gas-to-particle conversion reactions as
well as the retention of gaseous I, on the prefilter either directly on the filter material or on

concurrently collected particulate matter.

The aims of this paper were to develop a denuder-based method for gaseous I, measurements
since denuders can separate gaseous compounds from their particulate counterparts. At first,
in situ derivatization chemicals such as nitrobenzene, phenol, salicylic acid, and
N,N-dialkylaniline are used for the sampling of gaseous I,. However, quantitative collection
is not achieved, even in combination with glycerol. a-cyclodextrin (a-CD), which is
well-known to form inclusion complex with iodine in aqueous solution, is then tried as
denuder coating for gaseous I, collection. However, the collection efficiencies vary widely
with the sources of a-CD delivered by different chemical companies (ranging from about

40% to 87%). The value drops further to 30% when anhydrous a-CD is applied but increases
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to 94% in the case of additional water present in the inner wall of denuder, indicating that
water molecules, which could lead to the hydrolysis of a small fraction of entrapped gaseous
I, to form I', play an active role in such inclusion complex formation. We therefore use trace

of iodide ions as a-CD coating spike to improve the collection efficiency (see Figure 1.7).

A collection efficiency larger than 98% is obtained at a molar ratio of 1:3 of I to I, and 950:1
of a-CD to I,. After sample collection and subsequent water extraction the collected
inorganic iodine is converted to organic species by reaction with an organic derivatization
reagent for GC-MS measurement. Quantitative release/derivatization is observed after about
120 min. Since both the entrapped I, and spiked I deliver the same derivative the isotopic
iodide '*T is used to differentiate the entrapped I, from the spiked I'. It is found that no
isotopic effect takes place during the derivatization process and that the derivatives of '*'I and
their isotopic analogues have the same retention behavior in GC separation and experience

the same degree of ionization in MS analysis.

Collection efficiency (%)

: — :
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
[/, (mol/mol)

Figure 1.7 Effect of I on the gaseous I, collection by a-CD-coated denuder.
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The potential use of this denuder sampling system in the collection and differentiation of
radioactive I, is a straightforward variation of the technique if *’I” instead of '*T is spiked
into the coatings. The capability of this technique to measure radioactive I, is of special
interest because the urgency of radioactive molecular iodine for environmental and human
health has arisen due to increasing human nuclear activities. In view of the ultra-low
concentration levels of radioactive I, in the atmosphere, we use 12 individual denuder tubes
in parallel to compensate for the low sampling flow rate. An exemplary measurement of

129

ambient I, (for the first time) has been carried out at Mainz, Germany.

1.3.4 Development of a Coupled Diffusion Denuder System Combined
with Gas Chromatography/Mass Spectrometry for the Separation and
Quantification of Molecular lodine and the Activated lodine
Compounds lodine Monochloride and Hypoiodous Acid in the Marine
Atmosphere

As described above, 1,3,5-TMB coating is suitable for the collection of gaseous ICI and IBr
in the denuder with a very satisfactory efficiency but a very poor sink for gaseous I,
collection. On the other hand, the a-CD/'*I coating is a very efficient coating material for
gaseous I, collection. Therefore, in this work, we use a coupled denuder system which
consists of a 1,3,5-TMB-coated denuder as front-denuder coupled upstream of an
0-CD/'"®T'-coated denuder to separate and quantitatively collect gaseous activated iodine
compounds (AICs; ICl and HOI) and I, in combination with a GC—MS method. In the paper,
we use ICI as a surrogate for AICs since HOI possess a positively polarized iodine atom
which enhances its electrophilic character and makes the molecule, like ICI, very reactive
toward organic materials (what is demonstrated to be true by further experiments, see below).
The experimental collection efficiencies for AICs and I, are tested and the results show close
agreements between experimental and theoretical values at a gas flow rate between 300 and
1800 mL min™". The operation of both denuder systems is demonstrated to be independent of
relative humidity and storage period (at least 2 weeks prior to and after sampling). The gas
mixture of ICI and I, at different mixing ratio is well separated and quantitatively collected
by the coupled system. The precision and accuracy range from 1.8% to 7.9% and from 1.5%
to 6.8%, respectively. The sampling time can be as long as 180 min at a flow rate of 500 mL
min™ and the detection limits are achieved at sub-ppt level. Such low detection limits are
beneficial for the measurements of gaseous iodine species in some atmospheric domains with

rather low iodine fluxes such as open sea and polar regions. Also we discuss the potential
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interference species and document that volatile organohalogens, 10, and OIO will not

contribute to the AICs and I, measurements.

In addition, the results of the first application of the method for field measurements at the
Mace Head Atmospheric Research Station (Ireland), carried out between 29 August and 2
September, 2007, are presented. Details about the diurnal variations of I, and their
implication to the atmosphere are discussed in another paper. It is found that the mixing ratios
of AICs during the period of 5 days are correlated with the levels of I, with a maximum value
up to 30.2 ppt at night and 6.0 ppt during the day. However, the formation pathways and
concentrations of AICs are not well-known up to now. HOI is believed to be formed by the
reaction of I atoms with HO, radicals and therefore is expected to be present during the day.
The formation of gaseous interhalogens including ICl is currently believed to be linked to the
release from sea salt particles following uptake and heterogeneous chemistry of HOI [Vogt et
al., 1999; McFiggans et al., 2002]. It is apparent that a better understanding of the AICs
chemistry could be achieved bv further laboratorv exneriments and field measurements using

the method developed here.
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Figure 1.8 Schematic diagram of the coupled denuder system and the reaction scheme
occurred.
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Beside the quantification for ICl and HOI (AICs, also termed Highly Reactive Iodine, HRI)
which has been presented in this paper, we further test and demonstrate that the
1,3,5-TMB-coated denuder is capable of quantitatively collecting Cl,, HOCI (termed
hereafter Highly Reactive Chlorine, HRCI), Br,, BrCl, IBr, HOBr (termed hereafter Highly
Reactive Bromine, HRBr). HRCl and HRBr, like HRI, are converted in situ to
1-chloro-2,4,6-trimethoxybenzene (1-chloro-2,4,6-TMB) and
1-bromo-2,4,6-trimethoxybenzene (1-bromo-2,4,6-TMB), respectively (see Figure 1.8). The
chlorination, bromination, and iodination derivatives can be separated by GC and determined
by MS. Figure 1.9 shows a representative chromatogram for these halogen species
measurements and Figure 1.10 shows the concentration levels of HRCI, HRBr, and HRI for

two selected days.
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Figure 1.9 Typical chromatogram obtained by GC—MS under selective ion monitoring model.
Peak assignments: (1) 2,4,6-tribromoanisole, internal standard, (2) 1-chloro-2,4,6-TMB, (3)
1-bromo-2,4,6-TMB, and (4) 1-iodo-2,4,6-TMB.

The denuder/GC—MS method developed in this work, therefore, provides an attractive
protocol for halogen species analysis for atmospheric chemistry research. Besides the field

measurements at the west coast of Ireland in 2007, an intensive field campaign has been
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carried out at the same location in 2009 to get a better understanding on the source and
cycling of these highly reactive halogen species. Furthermore, in cooperation with the British
Antarctica Survey the presented method has been used—for the first time—in Antarctica in
early 2009. The samples of these field measurements still have to be analyzed and—if

appropriate—the results will be presented separately in the near future.
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Figure 1.10 Exemplary concentration of HRCI, HRBr, and HRI in the coastal MBL.

1.3.5 Observations of High Concentrations of I, and 10 in Coastal Air
Supporting lodine-oxide Driven Coastal New Particle Formation

Coastal new particle formation events are of particular concern since these processes could
affect the earth’s radiative budget, climate change and air quality levels. Interest in this field
has been greatly stimulated in the past few years by the observation of iodine induced new
particle bursts [O’Dowd and Hoffmann, 2005]. The current consensus is that coastal
nucleation events are driven by iodine vapours that undergo rapid chemical reactions to
produce condensable iodine oxides leading to nucleation and growth of new particles. The
primary source of the condensable iodine vapours is suggested to be molecular iodine and
theoretical studies have predicted that the concentrations of gaseous I, and 1O of the order of
80—100 ppt and 40-50 ppt, respectively, are required in coastal air to account for
iodine-oxide driven coastal new particle formation events to occur [Saiz-Lopez et al.,
2006b]; . However, measurements reported to date (i.e., ~20 ppt I, < 10 ppt 10) have not

supported the required model predictions, mostly because these measurements are carried out

-36 -



by LP-DOAS which provides distance-averaged measurements and therefore can not reveal

the real concentrations of these species in the coastal atmosphere.

The aim was to get a better understanding of the impact of iodine species on new particle
formation by taking measurements during the periods of low tidal seaweed exposure at the
local shoreline. The ambient measurements are carried out in N. E. Atlantic marine air on the
west coast of Ireland. Gaseous I, is measured by the coupled denuder system in combination
with a GC-MS method developed in this work, which provides “single-point” in situ I,
concentration levels at the coastal site. 10 is measured by LP-DOAS with some additional
measurements being taken above the exposed seaweed beds at low tide. Extraordinarily high
concentrations of I, and IO are observed. The maximum mixing ratios of daytime I, and 10
over the seaweed beds during low tide are 302 ppt and 35 ppt, respectively. The IO diurnal
profile is well consistent with the characteristics of I, emission at the local shoreline. I,
distribution is found to be rather inhomogeneous, even at the inter-tidal zone, but closely
related to the macroalgae biomass abundance. New particle formation bursts are frequently
observed during daytime hours with the concentrations up to 4.5 x 10° particles cm™ during
low-tide conditions, and the concentrations of ultra-fine particles are positively correlated
with the 10 concentrations. Considering the constraints set out in theoretical studies for new
particle formation via condensation of condensable iodine oxide vapours, our results clearly
demonstrate that the molecular iodine and iodine monoxide concentrations in coastal air are
sufficient to meet the theoretical precursor concentrations required to drive intensive coastal

new-particle formation from higher order condensable iodine oxides.

1.3.6 In Situ Measurements of Molecular lodine in the Marine
Boundary Layer: The Link to Macroalgal Species and the Implications
for O3, 10, Ol0 and NOy

Since molecular iodine was suggested to be the dominant source of coastal reactive iodine in
the MBL during the 2002 NAMBLEX field campaign at Mace Head (Ireland) [Saiz-Lopez
and Plane, 2004], it has become well-established by laboratory studies that the emission of
this molecular iodine from low tidal macroalgal exposure is indeed a most important process
responsible for the observed tropospheric iodine level [McFiggans et al., 2004; Kiipper et al.,
2008; Dixneuf et al., 2009]. However, evidence from field measurements (i.e., “hot spots™) is
still not quite clear, nor is the source strength, since most of the current data are observed by

LP-DOAS which provides only spatial mean values of molecular iodine. Also uncertainties
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about the impact of molecular iodine on the atmosphere and the linkage between molecular
iodine and other atmospheric constituents are not clear so far, especially for the nighttime

episode.

One of the aims of this work was to demonstrate the “hot-spot” theory of the atmospheric
iodine chemistry and to reveal the real source strength of molecular iodine. When
measurements are taken directly above the seaweed beds the mixing ratios of daytime I, are
as high as 302 ppt (which could be treated as source strength since the inlet of denuder is only
about 5 cm above the seaweed beds); however, shortly beyond the seaweed beds (about
100-150 m downwind of the seaweed beds) the concentration levels decrease significantly
due to the rapid photolysis and the dilution effect during convection (see Figure 1.11). The
results substantially support that I, release from seaweeds is really one of the most important
sources. By taking comparison measurements we see that the mixing ratios of I, at Mace
Head are much lower than that at Mweenish Bay. The difference of I, levels between these
two sites could be attributed to the higher biomass density at Mweenish Bay than at Mace
Head and the difference on algae species present at these two locations. Furthermore, the
emission levels of I, are found to correlate inversely with tidal height and correlate positively
with the concentration levels of Os in the surrounding air. The concurrent measurements
show that the mixing ratios of I, are of the order of 10°~10* higher than organic iodine such

as CH3I, CH212, C2H5I, CHQBI‘I, and CHQCH

The second aim of this work was to try to investigate the relations between molecular iodine
and other gaseous constituents like ozone and iodine oxides. Over the course of the field
measurements, the average and maximum values of daytime IO are 3.4 + 1.0 and 9.5 + 0.8
ppt for consecutive 30-day measurements at Mweenish Bay, and 1.1 + 0.3 and 4.4 = 0.6 ppt
for consecutive 9-day measurements at Mace Head, respectively. The daytime IO
concentrations are found to increase with the increase of I, concentrations and of the solar
irradiation, suggesting the photochemical production of 10 from coastal emissions of I,. The
observed maximum levels of OIO are 29.3 ppt at Mweenish Bay and 10.1 ppt at Mace Head
for night-time measurements, and 38.2 ppt at Mweenish Bay and 6.5 ppt at Mace Head for
daytime measurements. The processes of photochemical production of these iodine oxides
could lead to tropospheric ozone destruction, which has been predicted by recent model
experiments [von Glasow et al., 2004]. However, reduction in the tropospheric ozone burden

through iodine released from coastal marine sources has not been verified by observations so
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far. During the 5-week field observations at Mweenish Bay the mixing ratios of ozone
decrease during several days from the normal levels of ~40 ppt down to as low as 12 ppt and

are anti-correlated with the I, concentrations (see Figure 1.12).
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Figure 1.11 Comparison of the mixing ratio of I, between Mweenish Bay-I and Mweenish
Bay-II. Note Mweenish Bay-I represents the measurements taken above the seaweed beds
and Mweenish Bay-II represents the downwind measurements.

For daytime measurements, it strongly supports the viewpoint that photochemical production
of daytime 10O is related to concentration levels of Os. For night-time observations, however,

the reaction suggested below could be responsible for the night-time IO production and O3

destruction.
,+NO,—>I+IONO, (R1.32)
1+0, >10+0, (R1.33)
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Figure 1.12 Plot of O; versus I, during ozone destruction events at Mweenish Bay.

In this work, we also take concurrent I, measurements by the denuder/GC-MS and the
LP-DOAS technique. The results show that the denuder method records much higher
concentrations of I, than the LP-DOAS method, for both daytime and night-time
measurements. The denuder method provides the concentration levels at a single point;
however, the LP-DOAS technique provides the average mixing ratios of a rather
inhomogeneous distribution along the light-path of several kilometers extending over open
sea (i.e., 4—14 km). These results further demonstrate that the local seaweed sources dominate

the inorganic iodine chemistry in the coastal MBL.

1.4 Conclusions and Outlook

Reactive halogen species are important gaseous constituents in the atmosphere and play a key
role in many aspects of tropospheric chemistry, such as oxidative capacity, ozone destruction,
and particle nucleation and growth. A multitude of gas-phase reactions and gas-particle
interactions occur, including participation in the cycles of sulfur and nitrogen and reactions
with hydrocarbons. One of the keys to better understand these processes is to quantify HRCI,
HRBr, HRI, as well as I, which are predicted by atmospheric numerical models to be the

most important species. In this thesis, the impinger- and denuder-based sampling techniques
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in combination with a GC—MS method for the determination of these key species have been
successfully developed. The method has been used for the first time for field measurements at
the west coast of Ireland in 2007, followed by 2009-Ireland and 2009-Antarctica campaigns.
A series of important and interesting results have been found, namely that in addition to I,
high concentration levels of HRCI, HRBr and HRI are also present in the coastal MBL, that
seaweeds are the local source of iodine, that the local source strength of iodine supports the
observed new particle formation events in the coastal MBL, and that the presence of halogens
in the coastal MBL indeed leads to ozone destruction. However, there remain many
uncertainties in this field that need to be elucidated. Certainly, more laboratory studies and
field measurements are required. The methods developed in this thesis will be attractive tools
for laboratory- and field-based halogen-related atmospheric research, in particular (1) in the
chamber-based quantification of halogens, especially interhalogens, recycling from
particle-phase to gas-phase which has been predicted by models, (2) in the sources
identification and source strength measurements in the field, especially in the coastal MBL
and polar regions, (3) in the investigation of halogens concentration levels and their
distribution over the open sea by research vessel based measurements, (4) in the investigation
of vertical distribution of halogens from the lower troposphere up to the stratosphere by
taking airborne measurements (e.g., aircraft or balloon), and (5) in a better understanding of
coastal new particle formation process by concurrent measurements of iodine species, sulfur
species, ammonia and amine compounds to determine which constituents are the precursor

vapors for nucleation.

In general, it could be expected that, with the current interest in halogen chemistry, more
techniques will be developed to better identify and quantify these key atmospheric halogen
species (e.g., “single-point” in situ on-line measurement technique with better time resolution,
the differentiation of individual highly reactive halogen species) and that our understanding

about the halogen atmospheric chemistry will become clearer in the near future.
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Abstract

Halogens are known to play an important role in the tropospheric ozone-depletion chemistry
and are of special interest because of their influence on the atmospheric oxidation capacity. In
this paper, we investigate the application of a capillary diffusion technique for the generation
of gaseous halogen standards like Br, IBr, ICl and I,. The influence of capillary dimension
(i.e. length and inner diameter), ambient pressure and headspace volume of the diffusion
vessel on the test gas output has been evaluated. The experimental output rates are
determined from the mass loss of the analyte vessel on a regular schedule and compared with
their ~ respective  theoretical  predictions. @~ We  also  demonstrate that a
1,3,5-trimethoxybenzene-coated diffusion denuder is capable of collecting gaseous ICIl

quantitatively, which provides an attractive alternative for the rapid determination of the
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output of test gas devices. The output rates of ICl measured by the denuder method are in

close agreements with the data obtained by the gravimetric method.

Keywords: Gas standard generation; Denuder; Gas chromatography—mass spectrometry;

Atmospheric halogens

1. Introduction

Halogens are very reactive chemical compounds that are known to play an important role in a
wide variety of atmospheric processes such as ozone depletion in the polar boundary layer
and new particle formation in the coastal boundary layer ([1-4] and references therein). Of
special interest in this field is the photolysis of halogen atom precursors (e.g. dihalogens X;
or XY, where X, Y denotes different halogen atoms), which leads to rapid production of
halogen atoms whose main fate is to react with ozone, forming XO radicals and consequently
influencing the atmospheric photooxidant budget as well as the formation of cloud
condensation nuclei by chain reactions involving halogen atoms [1]. The atmospheric mixing
ratios of most of these dihalogens vary widely throughout coastal areas and polar regions and
the typical values are supposed to be at the level of parts-per-trillion (ppt) or sub-ppt ([1] and
references therein). However, still concentration data on the dihalogens are rare (even
unavailable for ICl and IBr so far), which leaves many key processes related to atmospheric

halogen chemistry open [1-3].

One of the critical steps associated with the development of analytical procedures to measure
gaseous compounds in air is the generation of known and reproducible gaseous standards at
typical ambient mixing ratios. Gaseous standards are essential for the verification of
reliability of either sampling methods, multistep analytical procedures or online instruments.
Therefore, it is desirable to have a highly precise gas generation source to minimize potential
analytical errors. Several techniques are currently available for the preparation of gaseous
standards and these are generally classified as static and dynamic methods [5—11]. The former

[5-7], which involves the dilution of a concentrated standard or a pure compound to a defined
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gas volume, has the advantage of ease of operation; however, for certain compounds it lacks
reliability mainly due to the possible adsorption or reaction of constituents on the container
walls, especially at low concentration levels [5]. For these compounds dynamic methods
[8—11], including permeation and diffusion techniques, provide more reliable concentrations
of the compounds of interest. In these techniques the test gas concentration is controlled by
the constant diffusion or permeation of the compound of interest into a diluting gas flow. By
selecting suitable diffusion (i.e. capillaries) or permeation barriers (i.e. membranes) a low
concentration of the gaseous standard with a wide concentration range is attainable.
Especially the capillary diffusion-based method has often been used for the production of
gaseous standards of volatile and semi-volatile organic compounds [9-11]. An overview of

the different methods is given by Namiesnik [12].

In this work, we describe for the first time the generation of inorganic gaseous standards of
halogens based on a capillary diffusion device. The stability of the gas source and the effects
of capillary dimensions and headspace volume of the diffusion vessel on the output rates of
different halogens are evaluated. Besides gravimetric determination of the test gas output
from the capillary device a diffusion denuder sampling system combined with gas
chromatography—mass spectrometry (GC-MS) [13] is used for the rapid determination of the

output rate of ICI.

2. Experimental

2.1. Reagents and materials

ICl, IBr, I, Brp, 1,3,5-trimethoxybenzene (1,3,5-TMB), and 2,4,6-tribromoanisole were
obtained from Aldrich (Steinheim, Germany). Ethyl acetate was obtained from Fluka
(Steinheim, Germany). All other chemicals were of analytical reagent grade.
1-iodo-2,4,6-trimethoxybenzene (1-iodo-2,4,6-TMB) was not commercially available and has
been synthesized for the purpose of quantification [14]. The synthetic procedure was as
follows: to 15 mL of 0.2 mol L™ 1,3,5-TMB aqueous solution, 381 mg of finely powdered I,

was added. After the mixture was stirred at 50 °C for a few minutes, 30% aqueous solution of

-53 -



H,0; (1.8 mmol) and a drop of 40% H,SO4 were introduced. The reaction mixture was
stirred at 50 °C until iodine consumption. The product was extracted with 30-mL CH,Cl, and
then washed with an aqueous solution of Na,S,03; (5%, 40 mL), and dried over anhydrous
MgSOj4. Pure products were isolated by SiO, column chromatography using CH,Cl, as
mobile phase. The purity of 1-iodo-2,4,6-TMB was 99.3% detected by GC-MS.

2.2. Construction, operation and evaluation of the gas standard source

The design of the assembled diffusion devices (V' = 2.24 mL) used in this study is shown in
Fig. 1A. A certain amount of halogen compounds of interest was filled into the vessel to
which a deactivated fused capillary was connected. The length and inner diameter of the
diffusion capillaries ranged from 1.0 to 20.0 cm and from 0.1 to 2.15 mm, respectively. The
diffusion device was placed at the bottom of a double-walled glass chamber (Fig. 1B). The
temperature in this diffusion chamber was kept at 25.0 + 0.1 °C using thermostated water.
Nitrogen gas was flushed continuously through the diffusion chamber from the bottom to the
top at a constant flow rate. The outlet of the diffusion chamber was connected to a split valve.
Therefore, only part of the gaseous compound was fed into a 500-mL three-neck dilution
chamber. Here, another nitrogen flow was introduced for dilution of the analyte to the
concentration range needed. The whole experimental system was protected from any light by

aluminium foil to avoid complications from the photodissociation of halogen compounds.

The output of the test gas (output or loss rate) was determined by periodically measuring the
mass loss of the analyte vessel on a microbalance (Precisa XB120A, Switzerland). In addition
to this gravimetric approach, a denuder-based method [13] was also used for the

measurements of output rate of the halogen compounds.

2.3. Sample collection and preparation (denuder method)

Brown borosilicate glass tubes (6 mm i.d.) with a length of 50 cm were used for the
preparation of denuders. 1.5 mmol L™ 1,3,5-TMB dissolved in methanol was used as coating

solution. Six 500 pL-portions of the solution were alternately pipetted into both openings of
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the glass tube. During the coating procedure the tubes were rotated and flushed with nitrogen
for drying (flow rate 0.5 L min"). Afterwards, the coated denuders were sealed with

polypropylene (PP) end-caps and stored in the refrigerator until sampling.

_L‘splitvalve

diffusion capillary B = to dilution chamber

(diffusion path)
//- _\

reducing union water (25 °C) out ,_.:I J:..‘_pure nitrogen in

& double walled
O glass chamber

do oy o oh ||

‘ ‘ ‘ ‘ diffusion v

(A)

[e]

—— headspace

0]

i brown glass vial loaded 5
U with halogen compound £

water (25 °C) in —DIZI

Fig. 1. Schematic diagram of the design of capillary diffusion vessel (A) (modified from [13])
and the gas standard generation system (B).

The sampled gas entered the denuder through a subduction zone (uncoated glass tube, 6 mm
i.d x length 3—18 cm depending on the gas flow) which ensured laminar flow conditions. A
membrane pump was located downstream of the denuder to adjust the sampling flow rate.
The sampling time was 1020 min at a typical flow rate of 500 mL min. Three to five

samples were taken for each measurement.

After sampling the coatings were eluted with five 2.0 mL-portions ethanol/ethyl acetate (1:1,
v/v). Afterwards, 100 pL of 2.4.6-tribromoanisole (internal standard, 6.0 mg L™ in ethyl
acetate) was added into the eluate. The mixture was concentrated almost to dryness with a

gentle stream of purified nitrogen (99.999%) and then redissolved in 100 pL ethyl acetate.

2.4. GC-MS analysis

For the chromatographic analysis a Finnigan GC-MS (Trace GC/PolarisQ, Rodano, Italy)
with a fused-silica capillary column (30 m x 0.25 mm i.d., dg 0.25 pm, Rtx®-5MS, Restek
Co., Bad Homburg, Germany) was used. High-purity helium (99.999%) was used as a carrier
gas at a constant flow of 1.0 mL min". One pL of sample solution was introduced and the

injection was done in the splitless mode (splitless time, 1.0 min) with a deactivated splitless
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injection glass liner that contained no glass wool. The temperature of the injector was set to
250 °C and the transfer line was set to 300 °C. The GC oven was programmed as follows:
initial temperature 90 °C (hold 3 min), 30 °C min" to 220 °C (hold 3 min). The mass
spectrometer was operated in the electron impact (EI) mode (70-eV). A solvent delay of 4.5
min preceded the MS spectra acquisition and acquisition was in full scan mode at a mass

range of 45450 amu.

3. Results and discussion

3.1. Test gas output

The diffusion process in the assembled diffusion device involves the evaporation of analyte
of interest from a liquid (or solid) reservoir into the headspace volume followed by the
diffusion of the vapor through the capillary into the double-walled glass chamber. The output
rate can be controlled by the length and diameter of the capillary as well as the temperature in

the capillary diffusion device and is given by [15, 16]

po DM A P

RT 1 P-p

(1)

where r (g s7) is the output rate; Dy (cm” s™") is the diffusion coefficient at standard pressure
Py (101 kPa); M (g mol™) is the molecular weight of vapor; P (kPa) is the total pressure in the
double-walled glass chamber; p (kPa) is the partial pressure of the diffusing vapor at the
absolute temperature 7' (K); R (cm® kPa mol™ K™) is the gas constant; 4 (cm?) and / (cm) are
the cross-sectional area and length of the diffusion capillary, respectively. The diffusion
coefficient of individual compounds can be either calculated by using the
Fuller—Schettler—Giddings method [17—-19] or experimentally determined. Also the values of
the vapour pressures of the compounds of interest can be obtained by either the Antoine

equation estimation [20] or by experimental measurements.

3.1.1. Comparison of measured and theoretical output rates
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The diffusion equation (Eq. (1)) is valid only if the partial pressure of the analyte is low in the
dilution gas and that the saturation partial pressure in the capillary diffusion vessel is
maintained constant. In practice, the variation of the total pressure, which cannot be
controlled in an open system as used here, has an additional effect on the actual test gas
output and might result in differences between the theoretical predictions and practical
observations. Therefore, the output rate » has to be determined by monitoring the mass loss of
the analyte vessel on a regular schedule (namely, by a gravimetric method). Table 1 lists the
measured and calculated output rates of ICl, IBr, Br,, and L. It can be seen from this table
that the experimental values are in close agreements with their respective theoretical
predictions with a factor of 1.02—-1.07 when diffusion capillaries with large inner diameters
are used (i.e. 1.15 mm i.d. for ICl, IBr, and I,, and 2.15 mm 1i.d. for Br;). In a previous work
focussing on semi-volatile organic compounds by Possanzini et al.[10], a good agreement
was also found between the calculated and tested output rates when capillaries with an inner
diameter of 0.7-1.0 mm were used. However, when smaller capillaries (e.g. 0.53 mm i.d.)
were applied to the halogen species investigated here, the measured test gas output was much
greater than the theoretical value (see Table 1). This phenomenon can be attributed to the
influence of ambient pressure variation on the test gas output. During an ambient pressure
drop (e.g. by meteorological variations) the output of the test gas will not only be governed
by diffusion of the test gas through the capillary, but the resulting volume variations within
the diffusion device will force a certain amount of saturated vapour to leave the test gas
vessel, 1.e., the saturated vapor will eject through the capillary leading to enhanced output.
Obviously, this effect has a larger influence on smaller test gas output; however, the inner
volume of the capillary (or more precisely the ratio of the capillary volume to the headspace

volume of the capillary diffusion vessel (see below)) also plays a role.

The effect of the headspace volume of the diffusion vessel on the output rate was also
investigated. This set of experiments was focused on ICI and I,, representing one more
volatile and one less volatile analyte. As can be seen in Table 2, the output rates of both ICI
and I, are independent of the headspace volume when a 1.15 mm i.d. capillary is used.

However, when a 0.53 mm i.d. capillary is used the output rate obtained from 1.5-mL
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headspace volume is higher than the value obtained from 0.5-mL headspace volume for both
ICl and I,. This observation is in agreement with the influence of ambient pressure variations

on the test gas output as discussed above.

Table 1
Difference between calculated and measured output rate of different halogen species:
dependence of capillary dimension®

Analyst Saturation Capillary  Capillary Calculated Measured output Factor
vapor length inner output rate®  rate® (ng s™) (measured/
pressure (cm) diameter (ng s™ calculated
(kPa) (mm) output)

Br, 28.69° 25 0.53 209 1639 + 116 (9) 7.84

25 2.15 3438 3571 + 202 (6) 1.04

ICI 4.05° 25 0.10 0.83' 41.9+2.3(6) 50.5

5.0 0.10 0.42' 25.2+1.5(9) 60.8
10.0 0.10 0.21' 185+ 1.6 (12) 89.0
20.0 0.10 0.10' 12.4 £ 1.6 (6) 119
25 0.53 23.3 109+ 7 (12) 4.70
5.0 0.53 11.7' 68.6 + 4.9 (6) 5.88
10.0 0.53 5.83 37.7+1.5(8) 6.47
20.0 0.53 2.92" 21.4+1.4(8) 7.32
25 1.15 110' 117 £ 4 (6) 1.07
IBr 1.01° 25 0.53 7.59 22.2+1.1(6) 2.92
25 1.15 35.7 38.2+1.5(6) 1.07
P 0.041° 4.5 0.32 0.0705 0.867 = 0.075 (9) 12.3
2.0 0.53 0.435 0.996 £ 0.052 (21) 2.29
1.0 0.53 0.87 1.21 £ 0.05 (21) 1.39
25 1.15 1.64 1.67 £ 0.04 (6) 1.02

* Headspace volume ~1.5 mL.

® Calculated by the Antoine equation using the Antoine coefficients published in [21].

¢ Obtained from [22].

4 Obtained from [23]

¢ Diffusion coefficients calculated by Fuller—Schettler-Giddings method (except ICI) and
saturation vapour pressure listed in the table are used for the theoretical calculation of output
rate.

fAverage of calculated and measured (0.103 cm” s, this work) diffusion coefficient is used.

£ Mean + SD, data in the bracket indicates the number of replicates.

3.1.2. Effect of capillary length on the output rate and the stability of the gas source

Based on these results, it is obvious that a test gas output close to the theoretically calculated
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value can be achieved only if a diffusion capillary with relatively large dimensions is applied.
In such case, however, the output of the gaseous standards of halogens is relatively high. A
sequential large-volume dilution of the gaseous standards produced is therefore required to
get low concentrations and to match the typical ambient mixing ratios of halogens. Therefore,
despite the increasing differences between theoretical and practical output rates, diffusion
capillaries with longer length and smaller diameter are still useful for the generation of
standard gas mixtures. Consequently, we further tested the output rate of ICl (whose vapor
pressure is in the median among the halogen compounds investigated here) using 0.53 mm 1i.d.
and 0.10 mm 1.d. capillaries with different lengths. The output rates were measured by both
methods (gravimetric and denuder method). For the measurements by the denuder method,
samples were collected in the regular intervals between weighings. Fig 2A shows the output
rate of ICl as a function of the length of a 0.53 mm i.d. capillary. With the increase of
capillary length from 2.5 cm to 20 cm, the output rate decreased significantly. The measured
values by the gravimetric method are very close to the values by denuder measurements with
differences ranging from 1.7% to 5.5%, indicating that both gravimetric and denuder methods
are effective approaches for the determination of output rates of gaseous standard produced
by the capillary diffusion technique. However, it should be noted that gravimetry is a more
time-consuming method compared with the denuder method because longer weighing
intervals are necessary to get a quantifiable loss of mass when lower output rates are adjusted.
Certainly, for the denuder method, an effective coating material towards the target analyte

collection is necessary to guarantee the accuracy of output rate measurement.

Table 2
Effect of headspace volume of the diffusion vessel on the output rate
Analyt Capillary inner Capillary Measured output rate (ng s™) Difference
diameter (mm) length (cm) (%)
Headspace Headspace
volume ~1.5mL  volume ~0.5 mL
ICI 0.53 10.0 37.7 22.6 66.7
1.15 25 117 113 3.4
2 0.53 2.0 0.996 0.796 25.1
1.15 25 1.67 1.63 2.4
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Fig. 2. The output rate of ICI as a function of length of capillary with 0.53 mm i.d (A) and
0.10 mm i.d. (B).

The effect of the length of a smaller capillary (0.10 mm i.d.) on the test gas output of ICI is
shown in Fig. 2B. As before, the output rate decreases with an increase of capillary length.
The data obtained by the gravimetric method and denuder method were again very similar
when a capillary length of 2.5 cm was used, however, with the increase of the capillary length
significant differences (7.6%—17.9%) were observed between these two sets of data (Fig. 2B).
Furthermore, in such cases, the precisions of the gas sources (R.S.D. (Relative Standard
Deviation) = 6.0%—13.5%) were worse than the data obtained by using 0.53 mm i.d.
capillaries (R.S.D. = 3.6%—7.1%). These results indicate that the test gas source might be
more and more unstable when smaller and longer capillaries (0.10 mm i.d. % length 5-20 cm)
are used for the generation of highly volatile gases, such as ICI. Actually, one major problem
using smaller capillaries was the formation of liquid droplets of ICl inside the diffusion
capillary tube (0.10 mm i.d. x length 5-20 cm), which certainly affects dramatically the

output rate and the stability of the gas source [10].

4. Conclusions

This paper shows that capillary diffusion devices are an effective approach for the generation
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of gaseous standards of halogens. However, the experimental output rate matches the
theoretical prediction only if a capillary with relatively large dimension (>1-2 mm i.d.) is
applied. When a capillary with smaller dimension is used, the actual test gas output can be
elevated by up to two orders of magnitude compared to their respective theoretical values.
Moreover, relatively poor reproducibility is observed for the standard gas source when
capillaries with small inner diameter and larger length are used (i.e. 0.10 mm i.d. x length
5-20 cm). In addition, the paper demonstrates that a suitable diffusion denuder method to
measure the test gas output can be beneficial, since it is less time-consuming than the

gravimetric method.
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Abstract

Reactive iodine species have been suggested to play an important role in the atmosphere (e.g.
tropospheric ozone depletion, coastal new particle formation). However, there still exist
major uncertainties about their atmospheric chemistry, mostly due to the lack of analytical
approaches for the accurate speciation of certain key compounds. In this study,
1,3,5-trimethoxybenzene (1,3,5-TMB)-coated denuder proved to be suitable for the
differentiation between gaseous interhalogens (iodine monochloride (ICl), iodine
monobromide (IBr)) and molecular iodine (I,) based on a selective collection/derivatization
method. The results of the denuder sampling were compared with the results of impinger
sampling in water, methanol and carbon tetrachloride solutions of 1,3,5-TMB. ICl and IBr are

converted into 1-iodo-2,4,6-trimethoxybenzene (1-10do-2,4,6-TMB) and
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1-bromo-2,4,6-trimethoxybenzene (1-bromo-2,4,6-TMB), respectively, in the denuder
systems. The respective collection efficiency is 99.2% for ICl and 92.6% for IBr, at 500 mL
min_' gas flow rate. The collection efficiency for I, is lower than 1% in the same denuder
system, but significantly increases to about 90% in the aqueous 1,3,5-TMB loaded impinger.
The denuder—impinger coupled system was then used to differentiate and to collect the ICl,
IBr and I, gas mixtures, followed by gas chromatography—ion trap mass spectrometry
(GC-MS) determination. The precision of the method is in general better than 9.1%. The
parameters affecting denuder operation including sampling flow rate, sampling duration, and
relative humidity have been evaluated. The presented method provides an attractive protocol

for iodine species analysis for atmospheric chemistry research.

Keywords: Gaseous iodine-containing halogens; 1,3,5-Trimethoxybenzene; Derivatization;

GC-MS; Diffusion denuder; Impinger; Atmospheric chemistry

1. Introduction

Reactive halogen compounds are present in various domains throughout the troposphere and
play a key role for several atmospheric processes ([1-3], and references therein). Of major

interest in this regard is the catalytic destruction of ozone. The suggested mechanism mostly

involves the bromine and chlorine cycles. However, recent measurements of free 1O radicals
[4-6], an unambiguous product of iodine atom reaction with ozone, lead to renewed interest

in the tropospheric iodine chemistry. The assumption is that iodine is capable of triggering
the chlorine and bromine release. The reactive uptake of inorganic iodine species by sea-salt
aerosol has been proposed to initiate both chlorine and bromine activation in marine aerosol
[7,8]. The subsequently released gaseous products, iodine monochloride (ICI) and iodine
monobromide (IBr), are believed to contribute to an additional depletion of ozone. In a
theoretical study, Calvert and Lindberg [9] found that relatively small inputs of ICI, IBr and
I, to a Br,/BrCl mixture could cause a significant enhancement of the ozone depletion relative
to that from Br; and BrCl alone. In contrast to the frequent measurement of BrCl in the field

campaigns [10,11], to the authors’ knowledge, data on the source strength or concentrations

- 64 -



of the other two important interhalogen precursors (IC1 and IBr) are still not available and
therefore their potential influences on tropospheric processes are not well understood. The
key to elucidate the chemistry leading to the ozone depletion in the troposphere is the
measurement of specific gaseous reactive halogen compounds present before and during
ozone depletion episode. Thus, the identification and quantification of ICl and IBr are

important analytical tasks.

For the determination of gaseous compounds in air the diffusion denuder technique [12],

designed to differentiate gaseous analytes from their particulate counterparts, is substantially
superior to the often used prefilter—filter/impinger methods. The latter techniques are

subjected to a series of artifacts associated with undesirable sample modifications (positive or
negative artifacts). Since gaseous analytes can be preconcentrated inside the denuder,
denuder-based techniques are preferred for the measurement of trace gaseous analytes and

has been widely utilized for the sampling of organic acids [13,14], nitric and nitrous acids [15

—17], mercuric chloride [18], polynuclear aromatic hydrocarbons [19], diisocyanates [20,21],

formaldehyde [22], and other inorganic and organic compounds [23-26]. Although numerous

papers related to denuder techniques have been published, little attention was given to the
analysis of reactive halogen species. To achieve excellent performance with a high collection
efficiency, the selection of an effective sorption material to the target analyte is of crucial
importance. Here, we report an efficient denuder technique for the quantitative analysis of
gaseous iodine interhalogens (ICl and IBr) based on in situ selective derivatization with
1,3,5-TMB, followed by GC-MS determination. We also report results of impinger

experiments for ICL, IBr and I, collection.

2. Experimental

2.1. Reagents and materials

ICL, IBr, I, 1,3,5-TMB, and 2,4,6-tribromoanisole were purchased from Aldrich (Steinheim,

Germany). N,N-Dimethylaniline was purchased from Acros Organics (Geel, Belgium).
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Cyclohexane was obtained from Fisher (Loughborough, UK). Ethyl acetate was from Fluka
(Steinheim, Germany). H,O, aqueous solution (30%, wt.%), nitrobenzene, phenol, and

salicylic acid were purchased from Sigma-Aldrich (Steinheim, Germany).
1-Bromo-2.,4,6-TMB was purchased from CHESS (purity =98%, CHESS GmbH, Mannheim,

Germany). All other chemicals were of analytical reagent grade. Deionized water (18 MQ cm)
was used for the preparation of all aqueous solutions. 1-lodo-2,4,6-TMB was not
commercially available and has been synthesized [27], for the purpose of quantification. The
synthesis procedure was as follows: to 15 mL of 0.2 mol L™' 1,3,5-TMB aqueous solution,
381 mg of finely powdered I, was added. After the mixture was stirred at 50 'C for a few
minutes, 30% aqueous solution of H,O, (1.8 mmol) and a drop of 40% H,SO, were
introduced. The reaction mixture was stirred at 50 ‘C until iodine consumption. The product
was extracted with 30-mL CH,Cl, and then washed with an aqueous solution of Na,S,03 (5%,
40 mL), and dried over anhydrous MgSO,. Pure products were isolated by SiO, column

chromatography using CH,Cl, as mobile phase. The purity of 1-iodo-2,4,6-TMB was 99.3%
detected by GC-MS. The stock standard solutions of 1-iodo-2,4,6-TMB (4.0 mg mL™") and

1-bromo-2,4,6-TMB (2.5 mg mL ") were prepared in ethyl acetate separately. A series of
working standard solutions was prepared by sequential dilution of the stock standard

solutions with ethyl acetate.

2.2. Installation and calibration of test gas sources

Gaseous ICl, IBr and I, were generated from home-made gas sources based on controlled
evaporation of the analytes. To get low concentration levels of the individual test gas, a
capillary diffusiontype device (see Fig. 1) was used. A certain amount of analyte of interest
was filled into a bottom-sealed vessel with an exposed surface area of 0.78 cm?, and a 530
um internal diameter deactivated fused silica capillary (CS-Chromatographie Service GmbH,
Langerwehe, Germany) was installed on the top end of the vessel. The length of capillary was
15.3 cm for the ICI (liquid) source, 4 cm for the IBr (solid) source, and 2 cm for the I, (solid)
source. This capillary diffusion-type device was placed at the bottom of a double walled glass

chamber. The temperature in this glass chamber, which affects the vapor pressure and the
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subsequent evaporation of the analyte, was thermostated to 25 + 0.1 'C. A nitrogen gas flow

was continuously flushed through the glass chamber from the bottom to the top at a constant
flow rate and transported the gaseous analyte into a 500-mL five-neck round bottom flask.
Here, another nitrogen flow was introduced for dilution of the analytes to the concentration
range needed. When lower concentrations of the gaseous analyte were necessary, a split valve
was connected to the outlet of the double walled glass chamber and only a defined fraction of
the analyte containing nitrogen stream was transferred into the flask for dilution. The whole
experimental system was protected from any adventitious light by aluminium foil to avoid
complications from the photodissociation of ICl, IBr and I,. All different glass parts were
connected by Teflon-tubing. The source output was calibrated by regularly monitoring the

weight loss of the capillary sealed test gas source.

Safety caution: the gaseous halogen species are strong irritant, corrosive and poisonous, so

proper ventilation is necessary to avoid inhalation and direct contact.

deactivated fused
silica capillary

/ reducing union

Teflon union

brown glass vial with
halogen species

Fig. 1. Schematic diagram of the capillary diffusion vessel for test gas generation.

2.3. Preparation of denuder samplers

Brown borosilicate glass tubes (6bmm i.d., length 50 cm) were used for the preparation of
denuders. N,N-Dimethylaniline (1.5 mmol L"), nitrobenzene (1.5 mmol L"), phenol (1.5
mmol L), salicylic acid (1.5 mmol L") and 1,3,5-TMB (1.5 mmol L") in methanol were

tested as coating solutions. The concentration selected here ensured that the resulting amount

-67 -



of coating material is present in large excess over the analyte of interest. To obtain a uniform
coating of the denuder tubes with the reagents, six 0.5 mL-portions of the individual solution
were alternately pipetted into both openings of the slightly sloped glass tube. During the
coating procedure the tubes were rotated and flushed with nitrogen for drying (flow rate 0.5 L
min ). Afterwards, the coated denuders were sealed with polypropylene (PP) end-caps and

stored in the refrigerator until sampling. For the different sampling flow rates used for this
study untreated glass tubes of defined length (3—18 cm) with the same diameter as the

denuder tubes were coupled to the denuder inlet, employed as subduction zones to adjust the

laminar flow of sampled gas into the denuder [28].

2.4. Denuder and impinger sampling

The test gas was sucked into the denuder tube by a flow adjustable membrane pump located
downstream of the denuder. The sampling time was 10-20 min with a typical flow rate of

500 mL min . Three to five samples were taken for each measurement. After sampling the
coatings were eluted five times with 2.0 mL ethanol/ethyl acetate (1:1, v/v). Afterwards, 100
uL of 2,4,6-tribromoanisole (internal standard, 6.0 mg L' in ethyl acetate) was added into
the eluate. The mixture was concentrated almost to dryness with a gentle stream of purified
nitrogen (99.999%) and then redissolved in 100 pL ethyl acetate. No detectable derivatives of
ICl, IBr or I, were found in the sixth eluate of the denuder tubes. Therefore, the five-time
eluting procedure was applied in all cases. An inter-method comparison was made between
the denuder and impinger sampling. The midget impinger flasks (Duran”, Schott AG, Mainz,
Germany) containing a derivatization solution of 25 mL 1,3,5-TMB (5 mg L") in three
different solvents (water, methanol and CCly) were used. The sampling flow rate was 500 mL
min ' and the same type of membrane pump was used as for the denuder sampling. After
termination of sampling 100 pL (6.0 mg L") of 2,4,6-tribromoanisole (internal standard) was
added to the sample. The samples with water as solvent were extracted with cyclohexane (1.0
+ 0.5+ 0.5 + 0.5 mL), concentrated almost to dryness with purified nitrogen flow and finally
dissolved in 100 pL ethyl acetate. The samples with organic solvents were directly

concentrated by purified nitrogen and then redissolved in 100 pL ethyl acetate.
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2.5. Chromatographic separation and detection

For the chromatographic analysis a Finnigan GC-MS (Trace GC/PolarisQ, Rodano, Italy)

with a fused-silica capillary column (30m x 0.25 mm i.d., dg 0.25 pm, Rtx*-5MS, Restek

Co. Bad Homburg, Germany) was used. High-purity helium (99.999%) was used as a carrier
gas at a constant pressure of 100 kPa. 1.0 pL of sample solution was introduced and the
injection was done in the splitless mode (splitless time, 1.0 min) with a splitless injection
glass liner that was deactivated and contained no glass wool. The temperature of the injector
was set to 250 “C and the transfer line was set to 300 ‘C. The GC oven was programmed as
follows: initial temperature 90 °C (hold 3 min), 30 “C min~' to 210 ‘C, 7 °C min ' to 235 ‘C,
20 °C min' to 250 °C (hold 1 min). A solvent delay of 4.5 min preceded the MS spectra

acquisition was chosen and a mass range of 45450 amu was selected (70-eV electron impact

(EI) mode). The integrated ion currents (total ion current, TIC) were used to display the
chromatograms, however, only the most abundant ion was used for quantification, i.e. m/z
294 for 1-iodo-2,4,6-TMB, m/z 246 for 1-bromo-2,4,6-TMB, and m/z 344 for

2,4,6-tribromoanisole.

3. Results and discussion

3.1. Test gas source evaluation and validation

The capillary diffusion-type test gas source is useful to produce low vapor concentrations.
The output of the individual compounds could easily be increased or decreased by changing
the length or the internal diameter of the capillary tube. However, when lower output rates
were adjusted longer weighing periods were necessary to get a quantifiable loss of mass. In
this study, 530 um i.d., capillaries with a length of 15.3 cm for ICI, 4 cm for IBr and 2 cm for
I,, were chosen. The source output was periodically measured every week. After 2 weeks of
initial equilibrium time, a stable output was observed and the mean output from the test gas
source was 1609 ng min ' (R.S.D. (Relative Standard Deviation) = 2.8%, n = 20), 1850 ng
min_' (R.S.D. = 6.6%, n = 15) and 61 ng min ' (R.S.D. = 4.3%, n = 9) of ICI, IBr and I,

respectively.
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3.2. Selection of derivatizing reagent

The selection of derivatizing agents is based on three major considerations: (i) the
derivatizing substrate should possess an enhanced reaction rate with the gaseous analyte (thus
guaranteeing a sufficient collection efficiency), (ii) the derivatizing agent should be suitable
for the coating procedure without additional pH control for the derivatization reaction, and
(ii1) the derivatizing substrate should deliver just one product after reaction with the analytes
(no isomers, e.g. ortho- or para-products). Aromatic compounds can react with iodine or
interhalogens to form halogenated aromatics [29]. We therefore tested the collection
efficiencies of nitrobenzene, phenol, salicylic acid, and N,N-dialkylaniline as coating material
for ICI collection (the most reactive species studied here). The results showed that the rates of
these reactions are reasonably low, despite the fact that all of these compounds possess
substituent at the aromatic ring which activates the halogenation step. To achieve better
collection efficiency in principle an increasing reaction time would be required. However, for
very low flow rates (increasing reaction time) the denuder would lose its ability to separate
gaseous and particulate iodine. Our results indicate that for example N,N-dimethylaniline is
an appropriate electrophilic reagent for iodination in slightly acidic aqueous solution
(efficiency ~97.9%) within about 1min, but not suitable as denuder coating to collect gaseous

I, (efficiency ~0.4%) and even not suited for the collection of the most polar interhalogen
investigated here (ICl, collection efficiency =<2.1%). Thus, a more reactive derivatizing

reagent is required to get a higher collection efficiency. Since methoxy substituents enhance
aromatic donors toward electrophilic aromatic substitution, 1,3,5-TMB, the most reactive
substrate in the class of methoxy-substituted benzene derivatives, was selected as derivatizing
reagent. In this case, excellent collection efficiency was observed with a respective difference
of 0.7% for ICl and 7.6% for IBr, between the tested value and the theoretically calculated

one (see Section 3.4). Consequently, 1,3,5-TMB was further investigated as coating reagent.
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Table 1

Comparison of sampling systems: Denuder vs. Impinger®

Denuder Impinger with different solvent

Theoretical value Tested value Water Methanol CCly

ICI IBr L, ICI IBr L ICl IBr L ICl IBr I, ICl IBr L
Collection 99.93 9991 9986 992 623 098 903 957 888 787 215 693 515 752 158
efficiency” (%) 92.6° 10.3¢ 16.7° 88.2°
S.D. (%) 1.5 0.19 002 46 1.3 2.5 1.3 0.9 020 3.9 0.59 04
=3 2.1° 0.7 0.7 1.9°
R.S.D. (%) 1.6 3.1 2.5 5.1 1.3 2.8 1.6 5.0 2.9 7.6 7.8 2.6
(n=3) 2.3¢ 6.6¢ 3.8° 2.2¢
Differences 0.7 765 196 101 43 117 237 894 174 639 43¢ 145

between tested
and theoretical
data® (%)

* The listed experimental values without special explanation are based on 1-iodo-2,4,6-TMB.
® Gas flow rate: 500 mL min".

¢ Tested based on 1-bromo-2,4,6-TMB.

4 Based on the total amounts of 1-i0do-2,4,6-TMB and 1-bromo-2,4,6-TMB.

¢ Since there is no theoretical collection efficiency available for impinger tests, the theoretical
values for denuder, based on Gormley—Kennedy equation, are assumed as the maximum for
impinger tests for comparison purpose.

3.3. Differentiation between ICI, IBr and I,

The 1,3,5-TMB coating within the denuder was present in large excess over the gaseous
halogen analytes in all cases. Due to the differences in the composition and polarity of the
three analytes, not only the individual derivatives formed are different but also their

collection efficiencies vary with the tested halogen species. Typical chromatograms (Fig. 2A
—C) and mass spectra (Fig. 2D-F) obtained for the analysis of gaseous ICl, IBr and I, after in

situ derivatization within the denuders at a gas flow rate of 500 mL min™"' are shown in Fig. 2.
As can be seen in Fig. 2, ICl is derivatized exclusively to 1-iodo-2,4,6-TMB as anticipated
with an excellent efficiency of 99.2%. However, in the case of IBr, 92.6% of IBr is converted
into 1-bromo-2,4,6-TMB, and the proportion of iodinated derivative drops to 6.23%. To our
knowledge, the mechanism for aromatic bromination with iodine monobromide in vapor
phase is still unclear. A possible explanation involves an initial electron transfer to generate
the aromatic cation radical (ArH™) as the reactive intermediate followed by bromide ion

attack at the ArH™" [29,30]. An alternative mechanism to explain the formation of the
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bromo-compound as major product could be that 1,3,5-TMB is brominated by either bromine

radicals produced by homolytic cleavage of IBr or by molecular bromine formed by

recombination of bromine radicals [31]. In the case of gaseous I, measurements using

1,3,5-TMB-coated denuders the results show that the collection efficiency is only about 1%

due to the lower reactivity of iodine compared to the other halogen species. As mentioned

above, both ICI and I, do not interfere in IBr measurements due to their differentiable

derivatives; and the interference of IBr and I, in ICl measurement is less than 4.89% and

0.63%, respectively. Therefore, gaseous ICI,

1,3,5-TMB is applied as denuder coating.
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Fig. 2. Total ion chromatogram obtained by GC-MS of the derivatives of: (A) gaseous IBr;
(B) gaseous ICl; (C) gaseous I, and the EI mass spectra of: (D) peak 3; (E) peak 4; and (F)
peak 5. Peak assignments: (1) 1,3,5-TMB, (2) 2,4,6-tribromoanisole, internal standard, (3)
1-bromo-2,4,6-TMB, (4) 1-iodo-2,4,6-TMB, (5) 1,3-dibromo-2,4,6-TMB.
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3.4. Comparison between denuder and impinger methods

The collection efficiency, which is defined as the ratio between the analyte amount found in
the sampler and its known amount entering into the sampler, is a crucial factor for evaluation
of the sampling methods. The efficiencies (see Table 1) of both the denuder and impinger
methods for gaseous ICl, IBr and I, were tested and compared with the theoretical values (£)

calculated according to the Gormley—Kennedy equation [32] (Eq. (1))

0

E(%) = 1—£ x100 = 1—0.819exp(—7.314ﬂj x100 )
C 2F

where C is the mean concentration of the gaseous analyte leaving the denuder, Cj is the
concentration of gaseous analyte entering the denuder, D is the gas diffusion coefficient, L is
the length of denuder and F is the flowrate. For ICl and IBr, the collection efficiencies
obtained by the denuder method are in close agreements with their respective theoretical
values with differences between measured and calculated values ranging from 0.7% to 7.6%.
In general the collection efficiencies obtained by the impinger methods are lower than that
obtained by the denuder method and vary widely with the reaction solvents used. The
relatively high collection efficiency indicates that in aqueous solution both ICI and IBr
rapidly hydrolyze to form HOI [33,34] (Eq. (2)) and the highly reactive HOI reacts further

with 1,3,5-TMB to give the iodinated aromatic derivative (Eq. (3)).

IX (X =C1,Br, I) + H,0 — HOI + HX (2)

HOI + ArH - Arl + H,O 3)

Therefore, it is difficult to differentiate ICI and IBr from each other in aqueous solution since
both deliver the same derivative with high collection efficiency (>90%, see Table 1). The
iodination yields decrease as the polarities of the solvents decrease. The values drop to 78.7%
for ICl and to 21.5% for IBr in methanol, and drop further to 51.5% for ICl and 7.52% for IBr
in carbon tetrachloride. On the contrary, the bromination yields for IBr increase with the
decrease of solvent polarity. The values increase extensively from 10.3% in aqueous solution

to 88.2% in carbon tetrachloride. For less reactive molecular iodine, the presented denuder
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method provides extremely low yield. About 99% I, molecules did not react with the coating
material and finally escaped from the denuder tube with the gas flow, suggesting this denuder
method is unsuitable for gaseous I, analysis. Nevertheless, the values by impinger method in
both methanol and carbon tetrachloride solutions of 1,3,5-TMB rise slightly, with a
respective efficiency of 6.93% and 15.8%, and increase dramatically to about 90% in
1,3,5-TMB aqueous solution, mostly because of the rapid hydrolysis of I, to form HOI [35],
followed by reaction with 1,3,5-TMB (Egs. (2) and (3)). Obviously, for impinger method the
selection of reaction medium is a crucial factor to improve reaction yields and to avoid
undesired side reaction which lowers the sensitivity of the method and makes the trace

analysis more difficult.

Table 2
Collection efficiency for ICl and IBr as a function of the test gas flow rate
Flow rate ICl IBr
Theoretical  Measured Difference Theoretical  Measured Difference
result (%) result® (%) result (%) result’ (%)
(%) (n (%) (n
=3) =3)
300 99.99 99.67 0.3 99.99 94.26 5.9
600 99.77 99.13 0.6 99.72 91.87 8.2
1200 95.63 94.67 1.0 95.23 83.79 12.8
1800 88.38 88.09 0.4 87.70 75.32 15.2

 Tested based on 1-iodo-2,4,6-TMB.
® Tested based on 1-bromo-2,4,6-TMB.

3.5. Analytical performance of the denuder

The analytical performance of the denuder was further evaluated by examining the gas flow
rate dependence of the collection efficiency. The data of both ICI and IBr were tested within

the gas flow range between 300 and 1800 mL min ' were compared with those calculated by
the Gormley—Kennedy equation [32], as listed in Table 2. This equation calculates the

theoretical efficiency assuming the surface to be a perfect sink of the gaseous analytes. It can
be seen from the table that the experimental collection efficiencies for ICI are very close to
the theoretical predictions, with differences ranging from 0.3% to 1.0%, indicating the
absence of any significant losses during sampling. The experimental results for IBr comply
with the theoretical predictions at lower gas flow rates, however, decrease strongly with

increased gas flow rate with differences more than 10% lower than the theoretical values at
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gas flow rate above 1000 mL min '. The reasons for the decreased efficiencies could be
manifold: (i) the decreased reaction time at higher flow rates (0.5 s, at 1800 mL min ') as
well as the slightly lower reaction rate of the formation of 1-bromo-2,4,6-TMB result in the
breakthrough of some gaseous IBr from the denuder before it can react with the coating
material and (i1) the iodinated product was observed in all tested flow rates (e.g. 6.23% at 500
mL min"'; 4.2% at 1800 mL min '). It is rationalized that a fraction of gaseous IBr, like
gaseous ICl, undertakes an electrophilic attack on 1,3,5-TMB to form 1-iodo-2,4,6-TMB,

which therefore reduces the efficiency in respect to the formation of 1-bromo-2,4,6-TMB.

Teflon connector 135-TMB coated denuder

Cland —
ICLIBr,],,and N, L Br 135 THE Naroms2s s THE LandN,
L IC1+135-TMB,___ji-iedo-24,6-TMB v %
| I
I

I
Inlet subduction zone  Differentiation and collection of IC] and IBr /- _\_ N,
e
Impinger loaded
with 1,3,5-TMB
agueous solution
for I, collection
WS

= Sk
L+135TMB l-iede-24,6-TMB

Fig. 3. Schematic diagram of denuder—impinger coupled system designed for the
differentiation and collection of ICl, IBr and I, gas mixtures.

The potential influence of water vapor on the analytical performance of the denuder was
evaluated by examining the collection efficiencies at 30%, 60% and 90% relative humidity.
No significant differences of the collection efficiencies were observed. Due to the much
lower reactivity of gaseous molecular halogens (e.g. Br;) and especially organic halogens
with the coating material, also interferences from these compounds for the determination of
ICI and IBr are unlikely, except perhaps in cases when the molecular halogen concentrations
are exceptionally high. One possible species which is expected to rapidly react with the
coating material would be HOI or HOBr. However, due to the difficulties for generation of
stable gas standards of these two species, it is still not clear whether, and if so, to what extent,

HOI and HOBFr interfere in the determination of halogen species studied here.
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3.6. Analysis of ICI, IBr and I, gas mixtures

Gaseous mixtures of ICl, IBr and I, cannot be differentiated by the impinger method using
1,3,5-TMB aqueous solution because of the formation of same iodination derivative (see

Table. 1). Instead, the total iodine concentration of a mixture of the three species can be
measured with satisfactory accuracy (2.6—11.2% error as I). However, the potential

influences of iodine on the tropospheric processes are species dependent. Therefore, it is of
significant importance to speciate iodine in the atmosphere. In this study, a
1,3,5-TMB-coated denuder was coupled upstream of an impinger loaded with aqueous
1,3,5-TMB and this system was used for the pre-concentration and differentiation of gaseous
ICL, IBr and I,. As described above and shown in Fig. 3, ICI and IBr are collected from the
gas mixture when it passes through the denuder system, whereby I, molecules pass through
the denuder tube and are collected by the impinger system. The differentiation between IBr
and ICI can then be done based on the different derivatives formed. The linearity of the
analytical procedure was tested by sampling different mixtures of ICI, IBr and I, (ICI (0.409
ppbv to 9.95 ppbv) and IBr (0.405 ppbv to 12.15 ppbv) and 1, (49.17 pptv to 14.8 ppbv)) at a
gas flow rate 500 mL min . The correlation coefficients () of the calibration lines are

0.9984 (n =5) for ICI, 0.9786 (n =5) for IBr and 0.9902 (n = 6) for I,. The results shown in

Table 3 indicate that the denuder—impinger coupled system is reliable and practical for the

differentiation of ICl, IBr and I, gas mixtures. The precision (R.S.D. = 3.6-9.1%), can be
considered to be very satisfactory in view of other potential sources of error, such as errors in
connection with the GC-MS detection (R.S.D. = 2.5% and 2.0% for 1-iodo-2,4,6-TMB and

1-bromo-2,4,6-TMB, respectively). The measured ICI, IBr and I, concentrations for the
different mixtures investigated agree well with the calibrated values from single component

analysis with differences ranging from 3.1% to 8.6%.
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Table 3

Differentiation and analysis of ICl, IBr and I, in gaseous mixtures®

Concentration of the test gas source Measured concentration by present Differences between test gas

(ppbv) method® (ppbv) concentration and measured
concentration (%)

IC1 IBr I, ICI IBr I, ICI IBr I,

3.98+0.11 4.86 +£0.32 1.04 £0.04 4.19£0.15 4.71£0.29 0.99+0.06 5.2 3.1 4.9

1.21£0.03 1.16 £ 0.08 0.35+£0.02 1.31£0.06 1.22£0.09 037+0.01 79 5.0 5.7

0.81£0.02 0.77 £0.05 0.12+0.01 0.87 £0.08 0.79 £0.05 0.13+0.01 5.1 2.6 8.6

Gas flow rate: 500 mL min™'.
®Mean + S.D. (n = 3).

It is noted that the concentrations of halogen species tested here could be somewhat higher

than the typical ambient concentration levels. Thus, for field measurements, the extension of
sampling time might be necessary to collect a sufficient analyte mass for subsequent GC-MS

analysis. Therefore, additional experiments were carried out by increasing the sampling time
to 180 min at a flow rate of 500 mL min '. The differences of collection efficiencies were
less than 4.8%. This result is not surprising because 1,3,5-TMB is present in excess and
highly reactive towards the target analytes. The limit of detection (LOD, S/N = 3) from the
instrument under full-scan mode was 0.12 ng for 1-iodo-2,4,6-TMB and 0.69 ng for 1-
bromo-2,4,6-TMB, respectively. On the basis of 90 L sample volume, the LOD for ICI, IBr

and I, was 0.11 pptv, 0.76 pptv and 0.11 pptv, respectively.

4. Conclusions

1,3,5-TMB has been successfully applied as a selective derivatization agent for the
determination of gaseous ICl, IBr and I,. Gaseous ICI and IBr are quantitatively collected in a
denuder system with satisfactory collection efficiencies (i.e. 99.2% for ICI and 92.6% for IBr,
at 500 mL min ' gas flow rate), which is close to the maximum collection efficiency
calculated based on theoretical considerations. However, the collection efficiency for I, is
lower than 1% in the same denuder system, but significantly increases to about 90% when an

aqueous 1,3,5-TMB loaded impinger is used. Mixtures of ICI, IBr and I, can be differentiated
using a coupled denuder—-impinger system, in which ICl and IBr are converted in the front

denuder into 1-iodo-2,4,6-TMB and 1-bromo-2,4,6-TMB, respectively, and I, passes through
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the denuder and is collected and converted into 1-iodo-2,4,6-TMB in the impinger system.
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In this paper, we present a new approach for the quantification of gaseous molecular iodine

(I,) for laboratory- and field-based studies. a-cyclodextrin (a-CD) in combination with '*°I" is

shown to be an effective denuder coating for the sampling of gaseous I, by the formation of

an inclusion complex. The entrapped '*'I, together with the '*°T

spike in the coating is then
released and derivatized to  4-iodo-N,N-dimethylaniline (4--DMA) for gas
chromatography—mass spectrometry (GC-MS) analysis. The '*’I, collected can be
differentiated from the '’I" spike by the MS. A set of parameters affecting the analytical

performances of this approach, including amounts of a-CD and '’

I' applied, denuder length,
sampling gas flow rate and sampling duration, relative humidity, sample storage period, and
condition of release and derivatization of iodine, is extensively evaluated and optimized. The
collection efficiency is larger than 98% and the limit of detection (LOD) obtained is 0.17
pptv for a sampling duration of 30 min at 500 mL min™'. Furthermore, the potential use of this
protocol for the determination of radioactive I, at ultra trace level is also demonstrated when
" used in the coating is replaced by '’I" and a multiple denuder system is used. The
developed method provides a reliable and attractive alternative in “single-point” in situ

gaseous [, measurement for atmospheric chemistry research and has been used to measure

ambient '*'I, at a coastal site in Ireland and ambient '*’I, at Mainz, Germany.
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Introduction

Todine is a biophilic trace element with one stable isotope (**'I), one long-lived isotope (‘*’I,

t;» = 15.7 million years), and several short-lived isotopes (e.g., ', t,, = 8 days). The impact
of this element on the human health, such as iodine deficiency disorders and radioactive
iodine-induced thyroid cancer, has been well documented. However, only in the past few
years has particular attention been given to the potential atmospheric significance of iodine
photochemistry (/—7) and iodine-related new particle formation (§—/7). In these atmospheric
processes molecular iodine (1) (6,7,10,11), rather than iodocarbons, was recently proposed to
be the dominant source of coastal reactive iodine. A possible mechanism for the release of I,
from marine Laminaria macroalgal species was suggested as follows (/2): iodide (I")
accumulated by kelp is well suited as a versatile antioxidant and can readily scavenge a
variety of reactive oxygen species (e.g., HyO,, O3, O, 'O, and HO,') on the thallus surface
and in the apoplast of the kelp, leading to the release of I, at low tide. During daytime, the
released I, molecules photolyse readily to form iodine atoms that react rapidly with
atmospheric O3 leading to the formation of iodine monoxide (I0). The self-reaction of 10
yields higher oxides, which is probably responsible for the formation of iodine-containing

new particles in the marine boundary layer (4,8,9,13).

The environmental levels of '*I have been dramatically elevated by several orders of
magnitude by human nuclear activities over the past 50 years (/4). The major pathway of
anthropogenic '*I into the environment is through direct gaseous releases (mainly as CH;'>I
and '*°I, (15)) and marine discharges from nuclear facilities, wherein the nuclear reprocessing
facilities at La Hague (France) and Sellafield (England) are responsible for about 90% of the
anthropogenic '*I releases (/6). Recently, Hou et al. (17) found that the '*I levels in the
seaweeds investigated rise to 10—10° higher than the fall-out background and are dominated
strongly by the marine discharges from nuclear reprocessing facilities. Considering the I,

129 .
I accumulated in the seaweeds can also be released

release mechanism described above,
into the atmosphere and then transported to the continent. Although there is no significant

radiation risk for human health at the present '*’I, level, with the increasing number of

- 81 -



nuclear power plants and nuclear reprocessing facilities, more and more '*°I, will be
produced and released into the atmosphere. Nevertheless, because of the difficulties for
accurate identification and quantification '*’I, at ultra trace level a complete record of global

atmospheric '*I, variability has not been available so far, nor have the direct gaseous '*’I

2
release levels from nuclear reprocessing plants. Like other elements, the atmospheric
behavior of iodine is species dependent. The specific physico-chemical properties of various
iodine species result in differences in lifetime, phase partitioning, transportation,
biogeochemical cycling, and environmental impacts. Therefore, a method development for
qualification and quantification of radioactive molecular iodine is necessary, especially in the

cases of nuclear accidents such as the Chernobyl accident in 1986, the Windscale (Sellafield’s

previous name) accident in 1957, and the Sellafield radioactive leak in 2005 (/8).

Approaches to gaseous I, measurement are still scarce. For laboratory-based studies, an
indirect detection method (/2,79) is frequently used—in which gaseous I, is collected by an
ethanol trap and quantified as I" using a UV/Vis absorption spectrometer calibrated with
standard solutions. I' is produced through the rapid disproportionation of I, in alkaline
solution. Although this indirect method provides excellent collection efficiency for gaseous I,
the hydrolysis of I, in alkaline solution involves multiple equilibrium processes and the
relevant products could be 10", HOI, and I,OH" besides I (20) of which the proportion is pH
dependent. These co-produced hydrolysis species might effect the accuracy of the UV/Vis
determination and thus strict pH control is necessary. For field-based measurements of I,
differential optical absorption spectroscopy (DOAS) is currently the most widespread
measurement technique (6,7). However, this technique can only provide the distance-average
concentration of I, along the light-path (e.g., 8.4 km) and thus can not identify the so-called
“hot spots”(7). Efforts have been made in the use of broadband cavity ring-down
spectrometry (BBCRDS) (6) and incoherent broad-band cavity-enhanced absorption
spectroscopy (IBBCEAS) (21) to provide “single-point” in situ measurements of I,. However,
the limit of detections (LODs) of these spectrometric methods are relatively high (~ 20 ppt),
which would not be sufficient for some atmospheric domains with rather low I, fluxes such

as open sea—not even for the daytime I, measurement in the intertidal zones. On the basis of
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the above discussions, it is obvious that an approach for “single-point” in situ gaseous I
measurement at low concentration level is required for both laboratory- and field-based
consideration. Here, we present further improvements of a newly developed denuder system
(22) in combination with postderivatization and gas chromatography—mass spectrometry
(GC-MS) determination for the qualification and quantification of gaseous I,. The parameters
affecting the analytical performances of this method are extensively evaluated and optimized.
Especially the molar ratios between I, and a-cyclodextrin (a-CD) and the spiked iodide,
which can significantly affect the collection efficiency of denuder, are optimized. In addition,
we demonstrate for the first time that this approach can be extended to measurements of

radioactive I, in the gas phase by using a differentiable isotopic iodide as coating spike.

Experimental Section

Chemicals and Materials. [odine (99.999% purity) was purchased from Aldrich (Steinheim,
Germany) and wused for both gas calibration source and the synthesis of
4-i0do-N,N-dimethylaniline (4-I-DMA). a-CD obtained from four chemical companies, i.e.,
Fluka (Steinheim, Germany), Sigma (Steinheim, Germany), Acros Organics (Geel, Belgium),
and Alta Aesar (Karlsruhe, Germany), was used as coating material. N,N-dimethylaniline
(DMA) and 2,4,6-tribromoaniline (2,4,6-TBA) were purchased from Across Organics (Geel,
Belgium). Cyclohexane and anhydrous glycerin were obtained from Fluka (Steinheim,
Germany). KI (99.995% purity) was purchased from Merck (Darmstadt, Germany).
Iodide-129 standard solution (SRM 4949C) purchased from the National Institute of
Standards and Technology (Gaithersburg, MD, USA) was diluted and used in concentration
lower than 100 pg L', which refers to a radioactivity lower than 0.65 Bq g". Anhydrous
o-CD was prepared by dehydration under vacuum (= 107 Pa) at 110 °C for 24 h and used
immediately. Sodium 2-iodosobenzoate was prepared by stirring 1 g of 2-iodosobenzoic acid
(Sigma) with a slight molar excess of NaOH (0.2 mol L™, 20 mL) and diluting to 250 mL
with ultrapure water (Milli-Q Water Purification System, Millipore, Bedford, MA). It was
filtered with 0.45 pm membrane filter and kept in the dark. 4-I-DMA was not commercially

available and was synthesized for the purpose of quantitation. The synthesis and isolation
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procedures are described in the Supporting Information. Purity of the synthetic 4-I-DMA was
98.9% measured by GC-MS. The concentration of stock standard solution of 4-I-DMA was
2.5 mg mL" in cyclohexane. A series of working standard solutions was prepared by

sequential dilution of the stock standard solution with cyclohexane.

Laboratory Test. I, test gas in nitrogen was generated from a capillary diffusion based
device. Details of the test gas source are described elsewhere (22). The output of the test gas
was determined by periodically measuring the mass loss of the analyte vessel. Where
required, a needle valve and dilution chamber were used to get the desired final concentration

(ranging from 49 ppt to 15.6 ppb).

Brown borosilicate glass tubes (6 mm i.d.) were used for the preparation of denuder samplers.
A length of 50 cm was chosen to attain satisfactory collection efficiency (see below). DMA
(1.5 mmol L"), DMA/glycerin (containing 1.5 mmol L' DMA and 0.8%—8% glycerin), a-CD
(2.5 mg mL™), and a-CD/I" (containing 2.5 mg mL" a-CD and trace "I or '*'T') in methanol,
were tested as coating solutions. A similar coating procedure as described in literature (22)
was used to obtain a denuder coated uniformly with the reagents. Untreated glass tubes of
specific length (3—18 cm) with the same diameter as the denuder tube were coupled to the
denuder inlet, acting as laminar flow subduction zone. The typical sampling period was
10-45 min at a flow rate of 500 mL min™, controlled by a flow-adjustable membrane pump
located downstream of the denuder tube. Three to five samples were taken for each

measurement.

The collection efficiency of an individual denuder was determined by calculating the
proportion between analyte found in the denuder elution and its known amount entering into

the denuder.

Field Sampling. Gaseous I, in the marine boundary layer was measured at Mweenish bay
(53.32° N, 9.73° W) located at the west coast of Ireland in September 2007. Samples were

taken by sampling the ambient air through the a-CD/'*TI'-coated denuder tubes for 30—180
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min at a flow rate of 500 mL min'. Gaseous '*’I, samples were consecutively collected on
the roof of the Max Planck Institute for Chemistry (49.98° N, 8.23° E) in May—July 2008 (46
days, in total). A multiple denuder system consisting of 12 a-CD/"*'T-coated denuder tubes (6
mm i.d. X length 50 cm each) in a circle in parallel was used and the denuder tubes were
renewed every 14—16 days. The total sampling flow rate was increased to 14.4 L min™ (1.2 L
min" for each denuder). Finally, all these '*’I, samples were combined to form a single
sample to increase the sensitivity of analysis. At the measuring site, the denuders were set
vertically to eliminate the particle deposition due to gravitational effect. Once the sampling
was completed, the open ends of the denuder tubes were again sealed with PP end caps and

kept in refrigeration.

Sample Preparation and Analysis. Two different sample preparation procedures were
applied. The samples collected directly with DMA-related coatings were eluted with five 1.0
mL-portions ethanol into a vessel in which 100 uL of 2,4,6-TBA (2.5 mg L™ in cyclohexane)
was then added as internal standard. The mixture was concentrated almost to dryness with a
gentle stream of purified nitrogen and then dissolved in 100 pL of cyclohexane. The samples
collected with a-CD-related coatings (for both test gas experiments and ambient 'L,
measurements) were eluted with five 2.0 mL-portions of ultrapure water into a 25-mL
calibrated flask. 500 pL of phosphate buffer (pH 6.4), 100 pL of 2,4,6-TBA (2.5 mg L™,
internal standard), 400 pL of sodium 2-iodosobenzoate, and 300 pL of DMA were then added.
The solution was diluted to about 23 mL with ultrapure water and subsequently shaken at
room temperature for about 120 min. 2.0 mL of sodium acetate solution (20% m/v) was then
introduced and the solution was diluted to the mark with ultrapure water. Finally, the solution
was extracted with 100 pL of cyclohexane. For ambient '*’I, measurements, the samples
collected were eluted into a 100-mL calibrated flask and then subjected to derivatization as
described above. The solution was then extracted with 1.0 mL of cyclohexane. The extract
was concentrated to 25 pL with a gentle stream of purified nitrogen. 1.0 uL of the solution
was injected into a gas chromatography with an ion-trap mass spectrometer (Trace
GC/PolarisQ, Thermo Finnigan Italia S.p.A., Rodano, Italy). A fused-silica capillary column
(30 m x 0.25 mm i.d., d¢: 0.25 pm, Rtx-5MS, Restek Co., Bad Homburg, Germany) was used
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for chromatographic separation. High-purity helium (99.999%) was used as a carrier gas at a
constant flow of 1.0 mL min". The temperature of the injector was set to 250 °C and the
transfer line was 300 °C. The temperature of the GC oven was programmed as follows: initial
temperature 50 °C (hold 3 min), 30 °C min™ to 220 °C (hold 3 min). The MS was operated in
the electron impact (EI) ionization mode with an acceleration energy of 70 eV. A solvent
delay of 4.5 min preceded the MS spectra acquisition in the full-scan mode (in the range m/z
45-450) or in the selected ion monitoring (SIM) mode in the following sequence: 4.50—6.00
min, m/z: 77, 121; 6.00-7.50 min, m/z: 119, 247 (or 249); 7.50-11.67 min, m/z: 250, 329,
331.

Results and Discussion

Sampling Optimization. A diffusion denuder is a sampling device that can separate gases
and particles present in the same air mass and quantitatively collect the gaseous target by
either physical adsorption/absorption or chemical bonds when the coating represents an ideal
sink towards the analyte. Therefore, coating selection is a crucial factor determining the
performances of denuder samplers. Quantitative collection was not achieved using in situ
derivatization chemicals (22), even in combination with glycerol (see Table 1), which has
been frequently used as a binding coating agent (23,24) to improve the residence of gaseous

analyte on the coating layer.

The capability of a-CD to form inclusion complexes with iodine has been briefly investigated
(22). Our further studies, however, show that when a-CD is used as a sole denuder coating
the collection efficiencies of I, can vary widely (ranging from 40% to 87%) with the sources
of a-CD delivered by different chemical companies. Interestingly, the collection efficiency
dropped close to 30% when anhydrous a-CD was applied; however increased to 93.4% in the
case of additional water present in the inner wall of denuder (Table 1). It is apparent that
water molecules play an active role in such inclusion complex formation, probably by
hydrolysis of a small fraction of entrapped gaseous I,. The resulting I" was proved to facilitate

the gas-solid complexation of I, with a-CD (see below). Thus, the observed difference of
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collection efficiencies of a-CD might be attributed to the difference in the content of water

molecules included in the commercially available a-CD (25).

TABLE 1. The Coated Absorption Materials Examined for Gaseous Molecular Iodine®
coating material ~ mass of solute in 100 volume of the collection RSD®
ml methanol coating solution  efficiency (%) (%)
introduced into

denuder (ml)

DMA 19.1 mg 3.0 <1.0

DMA/glycerol 19.1mg/1.0 g 3.0 27.1 19.3
DMA/glycerol 38.2mg/10.0 g 3.0 53.9 14.5
a-CD 250.0 mg 4.5 40.8-86.7°¢ 6.1-9.3°
anhydrous a-CD 250.0 mg 4.5 31.9 5.2
a-CD/water 275.0 mg/10.0 g 4.5 93.4 2.6
a-CD/T 350.0 mg/50.0 ug 3.0 98.5 0.8

* gas flow rate: 500 mL min™." n = 9 (RSDs were determined from triplicate runs of three

samples in each case). © the range obtained indicates different sources of a-CD.

Although additional water molecules improve the performance of a-CD-coated denuder for
gaseous I, collection, it is unfavorable for long-term sampling and storage because the
potential water loss during such processes could lead to unpredictable artifacts. The
alternative is to add iodide ions to the a-CD coating because iodide is assumed to be able to
initiate the inclusion complexation between a-CD and I, in aqueous solution (22,26).
However, attention should be paid to the amounts of iodide ions added because the spiked
iodide finally deliver the same derivative as the trapped I, and therefore interfere in ambient
I, measurement at trace concentration levels. This problem was addressed by selecting
differentiable '*’I' isotope rather than '*'I' as spike. Figure 1 shows that the collection
efficiency increases with the increasing iodide spike and reaches a maximum value at a molar
ratio of 1:3 of I" to I,. Furthermore, it is found that compared to a required molar ratio of 2:1
of a-CD/I, to form inclusion complexes in aqueous solution a much higher ratio (> 950:1) is

needed to ensure sufficient collection efficiency, as shown in Figure 2.
Figure 3 shows the effect of sampling flow rat and denuder length on the collection efficiency

of I,. At a flow rate of 100 mL min™, 96.1% efficiency was obtained using a 20-cm-long

denuder. To get increased sensitivity, higher sample volumes are frequently required in view
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of the low concentration level of ambient I,. This aim can be achieved by either increasing
sampling time or increasing sampling gas flow. Obviously, higher sampling gas flow
improves the time resolution of the sampling technique; however, with the increase of
sampling gas flow the length of denuder should correspondingly be increased to guarantee
satisfactory collection efficiency. As can be seen in Figure 3, at a flow rate of 500 mL min™,
the collection efficiency was lower than 70% for a 20-cm-long denuder but increased to

97.1% for a 40-cm-long denuder.
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FIGURE 1. Effect of I on the gaseous I, collection by a-CD-coated denuder. The points
represent mean values of five measurements.
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FIGURE 2. Effect of a-CD amount on the collection efficiency of gaseous I, by denuder in
which sufficient I' was presented. The points represent mean values of five measurements.
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FIGURE 3. The denuder length-dependent collection efficiency at a gas flow rate of (A) 500
mL min™ and (B) 100 mL min™". The points represent mean values of three measurements.

Postderivatization and Analysis. Because the complex formation (R1) between o-CD and
iodine takes place based on non-covalent bonding, the entrapped iodine can be released
relatively easy. After water extraction the released inorganic iodine species have to be
converted to organic species for GC-MS measurement. Therefore, DMA and
2-iodosobenzoate (27) were added into the eluate of the coating. I, released from a-CD was
converted rapidly into 4-iodo-N,N-dimethylaniline (4-I-DMA) via R2. The iodide ions
liberated in R2 and those added in the coating were oxidized by 2-iodosobenzoate to
molecular iodine (R3), followed by R2 until all iodide was converted into 4-I-DMA. As a
consequence, 2 mol of 4-I-DMA were formed for each mole of molecular iodine, and 1 mol
of 4-I-DMA was formed for each mole of spike iodide. The temporal behavior of the I,
release from a-CD is shown in Figure 4. Quantitative release was observed after about 120

min. The derivative was then extracted into the cyclohexane solvent.
a -cyclodextrin + 1, + nI' <> a - cyclodextrin -1, - I (R1)
I, + N, N - dimethylaniline — 4 -iodo - N, N - dimethylaniline + H" + I’ (R2)

2T +2H" + 2-iodosobenzoate — I, + H,O + 2 -iodobenzoate (R3)

129

It should be noted that a certain fraction of '*’I coexists with '*I in the iodide used here,
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which formed the same derivative as the entrapped gaseous '*’I, and thus had to be subtracted
for '*'I, quantification. The isotopic composition of the radioactive iodide standard was
measured by GC-MS following derivitization reactions and found to consist of 14.4% '*'I
and 85.6% '*’I, corresponding to a constant '*'I/**’I ratio of 0.17. This isotopic ratio is
consistent with a reported value of 0.16 (28). The result indicates that no isotopic effect takes
place during the derivatization process and that the derivatives of '*’I and their isotopic
analogues experience the same degree of ionization in MS analysis. These features are
important for accurate quantification. From the total ion chromatogram of the iodinated
derivatives (Figure S1A), it can be seen that the derivatives of '*’I and their isotopic
counterparts have the same retention behavior in GC separation, however, produce a 2-Da
mass difference between their respective base peaks (molecular ion peaks, m/z 247 and m/z
249) in the subsequent MS determination. Therefore, the amounts of total 271 (sum of the
collected gaseous '*'I, and the small fraction of *'I” coexisted with '*°I') and '*°I spike can be
determined by measuring the signal area in the extracted ion chromatogram (Figure S1B and

C) or in the SIM chromatogram (Figure S2). The amounts of collected '*'I, (n, mol) were

calculated according to equation 1

n(1,.)—-0.17xn (1)

2

total

n(1,)= (eqn.1)

As the collection of molecular iodine is based on inclusion complex formation with the
assistance of iodide and does not depend on the isotopic species, the potential use of this
denuder sampling system in the collection and differentiation of radioactive I, is a
straightforward variation of the technique if '*'T" instead of '*T" is added to the coating. In
view of the ultra-low concentration levels of radioactive I, in the atmosphere, it is necessary
to collect a sufficient analyte mass for subsequent GC—MS analysis. However, the low
sample flow rates inherent in the conventional cylindrical denuder (i.e., a maximum of a few
liters per minute) require extremely long sampling times (e.g., months). The problem of low
sampling flow can be partially reduced by passing the gas sample through an annular or
parallel plate denuder (29,30), by using a large number of cylinder tubes in parallel (37), or

by using a multiple channel denuder such as the honeycomb denuder and the multiple parallel
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plate denuder (32,33). Here, we used 12 individual cylinder tubes placed in a circle in parallel
to compensate for the low sampling flow rate. The total flow through the system was 14.4 L
min” (1.2 L min™' for each tube), and the sampling time was reduced to several tens of days.
This approach is applicable for long-lived I, measurement; but limited by the lifetime of
radioactive decay for other short-lived molecular iodine (e.g., 13 II, t12 = 8 days; 125 I, ti, =59
days). However, it can be expected that the sampling time would be reduced further if the
o-CD/"?'I" coatings are applied to a high-throughput denuder, e.g., honeycomb-like and
multiple parallel plate denuder to which a higher flow rate can be introduced (for example
250 L min™ (33)). In addition, a higher sensitivity can be expected if a radiometric method
with a gamma detector instead of the GC-MS method is used for the direct measurement of
the analyte collected in the denuder tube (34). In that case, also the determination of

short-lived molecular iodine could be possible.
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FIGURE 4. The time-dependent I, releasing profile from a-CD following addition of
N,N-dimethylaniline and 2-iodosobenzoate. The points represent mean values of three
measurements.

Evaluation of Laboratory and Field Measurements. The method showed sufficient
accuracy at an I, concentration of ppbv (22). However, it is noted that the ambient %',
concentrations in the coastal marine boundary layer are typically at pptv level. Therefore, we
further tested the method accuracy at the concentration levels down to pptv. The results tested

at a flow rate of 500 mL min" for 10-45 min were compared with the data obtained by
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calculating the outputs of the gas source and the dilution ratios (what is part of the Supporting
Information, shown in Figure S3). A high correlation coefficient (R* = 0.9992) indicates the
excellent accuracy of the present method. The slope (0.9892) is evidence of the absence of an
analytical bias, being very close to unity. Furthermore, the performance of the denuder was
demonstrated to be independent of the relative humidity of the sampled air. This feature can
be attributed to the assistance of H,O molecules to the inclusion complex formation as
described above. The complex of a-CD with iodine in solid state is very stable (35). In
general, no significant iodine lost was found, at least over a 2-month period of sample storage
in refrigeration (around -15 °C). In addition, it is noted that the increases of either sampling
duration or gas flow rate might be necessary for field measurement, especially for ambient
121, determination. Additional experiments were then performed by sampling 49.2 pptv I, at
a flow rate of 1.2 L min™ for 14 days. The collection efficiency obtained was 81.2%, which is
somewhat lower than the maximum value shown in Table 1 due to the increase of sampling
flow. The LOD (S/N = 3) of the GC-MS under SIM mode was 0.51 pg for 4-I-DMA. Thus,
the LOD is calculated to be 0.17 pptv for '*'I, (sampling time 30 min at 500 mL min™") and

129

1.63 x 10" molecule m™ for '*’I, (sampling time 46 days at 14.4 L min™"), respectively, which

is much lower than the respective ambient concentration measured in this work.

TABLE 2. Determination of '*'I, in the Marine Boundary Layer and "I, in the Urban

Atmosphere
sample sampling time 21, (pptv)™© 2L, ( x 10® molecule m™)™©
070830-02 12:10-14:10 4471 £ 1.56 nd
070830-04 23:10-01:10 108.55 +£2.17 nd
070901-02 12:00-15:00 2573 +1.11 nd
070902-02 00:00-00:30 69.74 +1.28 nd
080523-01 23 May-08 July nd 2.33+0.32

* 1271, samples were taken at low tide at Mweenish bay, Ireland. ° '’I, samples were taken at
Mainz, Germany. “ mean + S.D. (n = 3, referring to triplicate runs of the same sample). nd, not
detected.

Based on the results above, which confirm the reliable collection of gaseous I, by
a-CD/T'-coated denuder, we further investigated the potential interference of other iodine
species in the I, measurements presented below. In view of the gaseous constituents in the
atmosphere, potential species which can be entrapped into the a-CD interior cavity and
subsequently afford the same iodination process as I, could be the interhalogens (e.g., IC1 and

IBr). However, these interhalogen species can be isolated by coupling a
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1,3,5-trimethoxybenzene-coated denuder upstream of the a-CD/I'-coated denuder (22). The
interaction of a fraction of a-CD with other gaseous constituents might occur during a long
sampling period. However, the efficiency for molecular iodine collection could not
significantly decrease since a-CD was presented in excess and the reaction towards iodine is
very specific. The spiked iodide was also presented in excess. Even if a fraction of the spiked
" is consumed by other gaseous constituents, the consumption of the coexisted '*'I" will be
a factor of 0.17 of the consumed ', with the same '*’'I'/"*°T" isotopic ratio as in the spike
standard (see the Postderivatization and Analysis section). Since the exact amount of the
spiked '*T" which involves the complex formation of iodine—0-CD is determined by mass
spectrometry after postderivatization, the exact mass of the spiked 271" which involves the
iodine—a-CD complex can be calculated based on the constant isotopic ratio of 0.17 and the
sampled molecular iodine can be corrected by equation 1. In terms of field measurements in
the coastal air another concern is the interference from iodine oxides (e.g., [,Os, 1409) driven
ultra-fine particles. Theoretical calculations from the Gormley—Kennedy equation (36)
predict that more than 25% ultra-fine (< 5 nm) can diffuse to the inner wall of denuder.
However, a major fraction of which will escape from the denuder with the gas stream since
the coating material used here is not expected to be reactive towards particles. Furthermore,
even if a small fraction of particles finally resides in the denuder they will not react with the
derivatization agent during the postderivatization step and therefore will not interfere with the
molecular iodine measurements. The same is true for the iodine oxides in gas phase (e.g., 1O,
OIO) (22). The exemplary measurements of ambient '*’I, and '*’I, concentrations are

presented in Table 2. To the best of our knowledge it is the first time to measure ambient '*’T

2.
The '*"I, mixing ratios measured during the campaign are somewhat higher than the reported
average concentration by another “single-point” measurement technique BBCRDS at Mace
Head (a nearby location) (6) due to higher biomass density at Mweenish Bay than at Mace
Head, but are in general much higher compared with the data measured by LP-DOAS (e.g.,
(7)). An explanation for the discrepancy could be that the denuder technique provides “point”
measurements on the foreshore; however, DOAS technique provides distance-averaged

mixing ratio along the light-path of several kilometers extending over open sea, leading to

potential underestimation of the concentration levels of I, in the intertidal zone. Still it should
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be noted that the duration of ambient '*’I, sampling used in this work was in the range
between 30 and 180 min, which does not allow the measurements of '*’I, peak value.
However, considering the limit of detection of the presented method as well as the
concentration levels at the west coast of Ireland, we suggest a sampling time of 30—60 min
for further field measurements in algae-rich coastal areas, so that a better time resolution and
a more detailed study of the diurnal variation of ambient '*'I, can be performed, and a better
understanding of release mechanism and atmospheric impact of '*'I, can be expected.
Besides its application in I, quantitative analysis, a-CD/I" can be expected to be used for

immobilization of radioactive iodine from nuclear exhaust gases.
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The synthesis procedure of 4-iodo-N,N-dimethylaniline and three figures as noted in the text.

This material is available free of charge via the Internet at http://pubs.acs.org.

The synthesis procedure of 4-iodo-N,N-dimethylaniline

To 15 mL of 0.2 mol L' N,N-dimethylaniline aqueous solution, 381 mg of finely powdered I,
was added. After the mixture was stirred at 50 °C for a few minutes, the active oxidant, a 30%
aqueous solution of H»O, (1.8 mmol) and a drop of 40% H,SO4 used as catalyst were
introduced. The reaction mixture was stirred at 50 °C until all the iodine was visually
observed to be consumed. The product was extracted with 30-mL CH,Cl,, washed with an

aqueous solution of Na,S,03 (5%, 40 mL) and dried over anhydrous MgSOj,. Pure products
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were isolated by SiO, column chromatography using CH,Cl, as mobile phase.
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FIGURE S1. Total ion chromatogram of gaseous '*’I, analysis obtained by GC-MS (A), and
the extracted chromatogram for m/z 247 (B) and m/z 249 (C). Peak assignments: (1) DMA, (2)
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This study concerns the development of a coupled diffusion denuder system capable of
separating and quantifying gaseous molecular iodine (I) and two other highly reactive iodine
species, ICl and HOI, which are collectively named activated iodine compounds (AIC). Both
I, and AIC are key species in the atmospheric chemistry of iodine. 1,3,5-trimethoxybenzene
(1,3,5-TMB) and a—cyclodextrin/lzgl' (0-CD/'®T) coated denuders proved to be suitable for
the collection of gaseous AIC and I, respectively. The experimental collection efficiencies
for AIC (tested as ICl) and I, agreed well with the theoretical values for gas flow rates in the
range between 300 and 1800 mL min™'. The coupled denuder system (1,3,5-TMB-coated
denuder as front-denuder coupled upstream of an a-CD/'*T-coated denuder) was applied
successfully to separate test gas mixtures of ICl and I, at various mixing ratios in the

laboratory. The operation of both denuder systems was demonstrated to be independent of
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relative humidity (0—-100%) and storage period (at least 2 weeks prior to and after sampling).
Detection limits were achieved at sub parts-per-trillion-by-volume (sub-pptv) level. The
presented method provides a reliable and practical approach for the speciation of gaseous
iodine compounds. In addition, we report for the first time ambient air measurements of AIC
mixing ratios, carried out at the atmospheric research station in Mace Head, Ireland. A
maximum concentration of AIC of 30.2 pptv was observed for nighttime measurements and
6.0 pptv for daytime measurements. A similar diurnal pattern was found for I, with an
average concentration level of 23.2 pptv during daytime and 85.1 pptv during nighttime,

indicating a strong correlation with AIC.

Todine is know as an essential element in the biosphere for centuries." Within the past 2
decades also the impact of iodine on atmospheric chemistry received increasing attention and
became a growing active research field.””’ Numerous tropospheric field measurements and
modeling studies have been realized, especially in the marine boundary layer (MBL). Most of
these studies investigated the impact of iodine on gas phase chemistry, such as the catalytic
destruction of ozone via reaction with iodine atoms released by the photolysis of alky iodides
or molecular iodine,®’ therefore affecting the atmospheric photooxidation budget.”'® Recently,
gaseous iodine precursors have also been proposed to be involved in the enrichment of iodine
in marine aerosols, the formation of new particles in the MBL and their evolution to form
cloud condensation nuclei.*'"™" Although some progress has been made, a number of
uncertainties about the sources, sinks, kinetic parameters and the recycling of iodine remain
and the identification and quantification of reactive key species are still a challenging

analytical problem.

Interest in iodine atmospheric chemistry has been greatly stimulated in the last few years by
the suggestion that molecular iodine (I,) rather than biogenic iodocarbons (e.g., CHsl, CHzl,,
CH,CII, and C3H7I) is the most important precursor for new particle formation and also the

1416 When I, is released into the

dominant source of coastal reactive iodine in the MBL.
atmosphere it will rapidly be photolysed to I atoms during daytime, which then will react

with ozone to yield iodine oxide. Self-reaction of 10 is thought to result in the formation of
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higher iodine oxides,'" which finally nucleate and form new particles. Other key iodine
compounds can also be formed within theses reaction cycles, such as hypoiodous acid (HOI).
Uptake of HOI on sea-salt aerosol has been proposed to enhance chlorine and bromine
activation by the reaction of HOI with CI” and Br".*'” The subsequent products, ICI and IBr,
can be released from the sea salt particles and enhance ozone depletion. However, the exact
underlying chemical mechanisms leading to the different iodine species are still not
understood, mostly due to the lack of analytical techniques to accurately measure certain key
species, such as I, HOI or ICl. For this paper we collectively name HOI and ICI activated
iodine compounds (activated in respect to their reactivity towards organic substrates), since in
both molecules the iodine atom is positively polarized, which enhances its electrophilic

reactivity towards organic molecules.

The most widely used method for the sampling of gaseous iodine species, especially
radioactive iodine in the atmosphere, typically involves a front-filter to remove particulate
iodine followed by an impregnated filter or alternative aqueous solution that captures gaseous

iodine.'®2°

Unfortunately, during collection the filter-adsorbent technique is subjected to
many artifacts resulting from particle-to-gas and gas-to-particle conversion reactions as well
as the retention of gaseous iodine compounds on the pre-filter either directly on the filter
material or on concurrently collected particulate matter. More recently, differential optical
absorption spectroscopy (DOAS) has been successfully used to directly measure gaseous
molecular iodine.'*'> However, this approach has a relatively high detection limit (~20 ppt)
and provides just distance-averaged concentrations without resolution along the light-path. In
addition, unfavorable weather condition can affect the instrument performance. Nevertheless,
single “point” in situ measurements of gaseous iodine species are frequently required in field
measurements and laboratory studies. Yang and co-workers?' have developed a convenient
and novel optical sensor for gaseous iodine detection; however, the limit of detection (60 ppb)
of the approach would not be sufficient for the measurement of gaseous iodine in the MBL
(concentrations at ppt level). Obviously, a convenient, selective, sensitive and

weather-independent approach would be beneficial for the measurement of atmospheric

iodine species. To the best of our knowledge compounds like HOI or ICl have never been
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measured in the MBL, although models predict both molecules to be actively involved in

atmospheric chemistry of iodine.'”**

Diffusion denuders are capable of gas—particle differentiation and they have often
successfully been used for the separation and enrichment of analytes in air.”*?° This
technique avoids the artifacts that may otherwise occur with filter-based methods. However,
little attention was paid up to now to atmospheric iodine species. Starch-coated denuders in
connection with inductively coupled plasma mass spectrometry (ICPMS) have been used
before for I, measurements;>’ however, speciation of different gaseous iodine compounds is
not possible with this denuder technique and ICPMS measurements are instrumentally
demanding. Here, we report a coupled denuder system which consists of a
1,3,5-trimethoxybenzene (1,3,5-TMB)-coated cylindrical tube as front-denuder coupled
upstream of an o-cyclodextrin/'?TI" (a-CD/'*°I')-coated tube for the separation and
quantitative collection of gaseous AIC and I, in combination with a gas chromatography ion
trap mass spectrometry (GC/MS) method. It should be noted that the generation of a stable

31-34
k.

gaseous HOI test gas atmosphere is a very difficult tas However, HOI possesses a

positively polarized iodine atom which enhances its electrophilic character and makes the

3538 The same is true for IC1 which is

molecule very reactive towards organic materials.
commercially available and much easier to handle in the laboratory. Therefore, in this work
we used ICl as a surrogate for AIC, and all experiments described below were performed with
this compound. We also report the results of the first application of the coupled denuder

technique for field measurements at the coastal research station in Mace Head, Ireland.

EXPERIMENTAL

Chemicals. Iodine, iodine monochloride, 1,3-dimethoxybenzene, 1,4-dimethoxybenzene,
1,3,5-TMB, 2.4,6-tribromoanisole, and 4-iodoanisole were purchased from Aldrich
(Steinheim, Germany). N,N-Dimethylaniline (DMA), 2,4,6-tribromoaniline, and o-CD were
purchased from Acros Organics (Geel, Belgium). Anisole and ethyl acetate were obtained

from Fluka (Steinheim, Germany). Cyclohexane was obtained from Fisher (Loughborough,

-102 -



UK). H»O; aqeous solution (30%, wt.%) was obtained from Sigma-Aldrich (Steinheim,
Germany). lodide-129 standard solution (SRM 4949C) was purchased from NIST. The
solution consists of 14.4% '*'I and 85.6% '*’I, corresponding to a constant '>’I/'*1 ratio of
0.17.%° (Safety note: as '*I is long-lived radioactive isotope, solution was diluted and used in
concentration lower than 100 pg L™, which refers to an radioactivity lower than 0.65 Bq g).
All other chemicals were of analytical reagent grade. Deionized water (18 MQ cm) was used

for preparation of all aqueous solutions.

Preparation of Standards. Both 4-iodo-N,N-dimethylaniline (4-iodo-DMA) and
1-iodo-2.,4,6-trimethoxybenzene (1-iodo-2,4,6-TMB) are not commercially available and
have been synthesized* for the purpose of quantification. To 15-mL of 0.2 mol L' DMA (or
1,3,5-TMB) aqueous solution, 381 mg of finely powdered I, was added. After the mixture
was stirred at 50 °C for a few minutes, the active oxidant, a 30% aqueous solution of H,O,
(1.8 mmol) and a drop of 40% H,SO, used as catalyst were introduced. The reaction mixture
was stirred at 50 °C until all the iodine was visually observed to be consumed. The product
was extracted with 30-mL CH,Cl,, washed with an aqueous solution of Na;S;03 (5%, 40 mL)
and dried over anhydrous MgSQO4. Pure products were isolated by SiO, column
chromatography using CH,Cl, as mobile phase. The purity of 4-iodo-DMA and
1-i0do-2,4,6-TMB was 98.9% and 99.3%, respectively (GC-MS determinations). The
concentration of stock standard solution of 4-iodo-DMA and 1-iodo-2,4,6-TMB was 2.5 mg
mL™" and 4.0 mg mL", respectively. A series of working standard solutions was prepared by

sequential dilution of the stock standard solutions.

Laboratory Experiments. /nstallation of the Gas Calibration Sources. 1, and ICI test gas in
nitrogen were generated from home-made gas sources based on the controlled evaporation of
the compounds (Figure 1). The temperature of the vapor generator devices, which affects the
vapor pressure and therefore the evaporation of I, (solid) and ICI (liquid), was set to 25 °C
using a thermostat. To obtain low concentration levels of the test gas, a deactivated fused
silica capillary (530 pum i.d., CS-Chromatographie Service GmbH, Langerwehe, Germany)

was mounted on top of the glass vessel. This capillary acts as a diffusion barrier and therefore
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reduces the output of the test gas source. The length of the capillary was 2 cm for the I
source and 15.3 cm for the ICI source. However, due to the high evaporation rate of ICI the
output of this chemical was still too high and a split valve was, therefore, connected to the
outlet of the ICl source. Thus, only a fraction of the gaseous ICl leaving the test gas source
was finally transferred into the dilution chamber (see Figure 1). Both sources were then
connected with a 500 mL five-neck round bottom flask in which another nitrogen flow was
introduced to get the diluted gas mixture of I, and ICl in the concentration range needed. The
ratio of I and ICl in the mixture was controlled by the split/needle valve of the ICI source.
Two impingers with deionized water were used for the humidification of the test gas. Water
drops in the nitrogen flow were trapped in a third impinger packed with glass wool. The
relative humidity of the gas source system was measured by a humidity meter
(Endress+Hauser GmbH, Maulburg, Germany). All joints were made of glass or Teflon
material. The whole experimental system was protected from any adventitious light by

aluminium foil to avoid photolytic degradation of I, or ICI.

1,3,5-TMB-DT a-CD/"*r-nT

G—I- MP

Figure 1. Schematic diagram of the gas generation and separation system: ICI-VG, ICI vapor
generator; [,-VG, I, vapor generator; C, deactivated capillary; Tm, thermostat; Fm, flow
meter; FV, flow valve; SV, split valve; NV, needle valve; MC, mixing chamber; I, impinger
with deionized water; IGW, impinger with glass wool; D-N,, dry N, gas; SZ, inlet subduction
zone; 1,3,5-TMB-DT, 1,3,5-TMB-coated denuder tube; o-CD/ 129I'—DT, a-CD/**I'-coated
denuder tube; TC, Teflon connector; MP, membrane pump.
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Denuder Preparation and Test Gas Sampling. The denuder tubes were made of brown
borosilicate glass (50 cm length x 6 mm i.d.). DMA (1.5 mmol L), anisole (1.5 mmol L),
1,4-dimethoxybenzene (1.5 mmol L), 1,3-dimethoxybenzene (1.5 mmol L"), 1,3,5-TMB
(1.5 mmol L™), and 0-CD (2.5 mg mL™") in methanol were used as coating solutions. The 2.5
mg mL" coating solution containing a-CD was used because of difficulties to feed more
concentrated solutions into the denuder. To obtain denuders coated uniformly with the
reagents, five (nine for coating solution with a-CD) 0.5 mL aliquots of individual coating
solution were slowly pipetted into the openings of the glass tube which was held at an angle
of about 10° relative to the horizontal plane. During the coating procedure the tubes were
rotated and flushed with nitrogen for drying (flow rate 0.5 L min™"). Afterwards, the coated
denuders were sealed with polypropylene (PP) end-caps and stored under refrigeration until
sampling. Untreated glass tubes of specific length (3—18 cm) with the same diameter as the
denuder tubes were coupled to the denuder inlet for different sampling flow rates, used as a
subduction zone to adjust the laminar flow of the sampled gas into the denuder.*' The test gas
was sucked into the denuder by a membrane pump located downstream of the denuder with a

sampling flow in the range between 300 and 1800 mL min™, typically for 10—45 min.

Denuder Performance. The collection efficiency of individual denuders with different
coatings was determined by two different methods: (a) calculating the ratio between analyte
amount found in the denuder elution and its known amount entering into the denuder and (b)
connecting two identical denuders in series, measuring the relative amounts collected in each
and thereby determining the fraction collected.* Both methods yielded essentially the same
results and are not separately reported here. In addition, the collection efficiency of the
denuders was investigated as a function of sampling flow rate between 300 and 1800 mL
min”'. The long-term stability of the coated denuders (stored prior to sampling) and the
stability of the derivatives formed in the denuders after sampling were also investigated. In

both sets of experiments the denuders were stored at -4 °C for 2 weeks.

Field Sampling. Ambient AIC and I, in the MBL were measured at the Mace Head

Atmospheric Research Station (MHARS) located at the west coast of Ireland in
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August—September 2007. Samples were taken by sampling ambient air through the coupled
denuder system for 30—180 min at a flow rate of 500 mL min™', during low tide at both
daytime and nighttime. The denuders were set vertically to eliminate particle deposition due
to gravitational settling. Once the sampling was completed, the open ends of the tubes were

again sealed with PP end-caps and kept under refrigeration.

Sample Preparation. The iodine species collected by different denuder methods were
extracted applying different procedures. The samples collected with a-CD were eluted with
five 2.0 mL aliquots of deionized water into a 25-mL calibrated flask. 500 uL of phosphate
buffer (pH 6.4), 100 uL of 2,4,6-tribromoaniline (2.5 mg L™, internal standard), 400 pL of
2-iodosobenzoate (4.0 g L) and 300 uL of DMA (0.2 g L") were then added. The solution
was diluted to about 23 mL with deionized water and subsequently shaken in a mechanical
shaker at room temperature for about 120 min. 2.0 mL of sodium acetate solution (20%, m/m)
was then introduced and the flask was filled to the calibrated mark with deionized water.
Finally, the solution was extracted with 100 puL of cyclohexane. For the denuder tubes with
other coatings than a-CD, the coatings were eluted with five 2.0 mL aliquots of ethanol/ethyl
acetate (1:1, v/v). Then 100 pL of 2,4,6-tribromoanisole (6.0 mg L' in ethyl acetate) was
added as an internal standard. The mixture was concentrated almost to dryness with a gentle
stream of purified nitrogen and dissolved in 100 pL of ethyl acetate. For both sample
preparation procedures no detectable derivatives in the sixth elution were found. Therefore,

the five-time eluting procedure was applied in all cases.

GC/MS Analysis. The samples were analyzed using a GC/MS system (Trace GC/PolarisQ,
Thermo Finnigan Italia S.p.A, Rodano, Italy). A fused-silica capillary column (Rtx®-5MS,
Restek Co., Bad Homburg, Germany), 30 m x 0.25 mm and 0.25 pm film thickness, was used
for separation. High-purity helium (99.999%) was used as a carrier gas at a constant flow of
1.0 mL min™. The temperature of the injector was set to 250 °C and the temperature of the
transfer line was set to 300 °C. The GC oven temperature was held at 50 °C for 3 min and
then increased with a rate of 30 °C min™' to 220 °C and hold there for another 3 min. A 1 puL

aliquot of the sample extract or standard was injected by an autosampler (AS 3000, Thermo
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Finnigan). Ionization was carried out by electron ionization (EI, 70-eV). Data acquisition was
performed in the full scan mode (m/z range 45—450) for mass spectrometric identification and
characterization of the derivatives and in selected ion monitoring (SIM) mode for
quantification. Table S1 (Supporting Information) shows retention time information as well
as the mass-to-charge (m/z) ratios seleceted for quantification and confirmation of the target

molecules.

RESULTS AND DISCUSSION

Stability of the Calibration Test Gas Sources. The exact output of the I, and ICI test gas
sources was calculated from the weight loss of the test gas vials and the time period between
weighting. After 2 weeks of initial equilibrium time a stable output was observed and the
mean output from the test gas source was 61 ng min"' and 1609 ng min" of I, and ICI,
respectively. The test gas source stability was assessed by repeated output measuements. The
relative standard deviation (RSD) of the I, output was 4.3% (n = 9) and that for IC]l was 2.8%

(n = 20).

Coating Evaluation. The efficiencies of different denuder coatings were investigated for the
sampling of I, and ICl. In theory, the gas to be analyzed can be selectively removed by
diffusion to the wall without significant deposition of the particulate material as a result of
the much higher diffusion coefficient of gas-phase compounds than that of typical aerosol
particles.*” If the surface represents a perfect sink for the gaseous analyte and the flow is
within certain limits (see below) the collection efficiency is close to 100%. In practice,
however, especially the precondition of the coating acting as a perfect sink is difficult to
reach and in these cases the collection efficiencies are consequently lower than 100%. The
first coating material tested was DMA. DMA was selected because it is an activated molecule
in respect to the electrophilic attack of iodine compounds (electrophilic aromatic substitution).
The dimethylamine moiety of this substrate with its unshared pair of electrons is strongly
activating and directs the entering iodine to the ortho and para positions. Although DMA has

one para and two ortho positions available for substitutions, iodination occurs only at the para
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position since the substrate is present in excess and the substitution at the two ortho positions
is sterically hindered by the large dimethylamino substituent. For the same reason this
chemical has been used for the derivatization of elemental iodine in aqueous solution.*’
However, the collection efficiencies of DMA-coated denuders are much lower than the
theoretically calculated efficiencies for both I, and ICI1 (Table 1). This behaviour is probably
due to a still too small reaction rate constant for the reaction between gaseous I,/ICl and
DMA. Obviously, just a small amount of the analyte molecules did react with the coating
material and most of the analyte molecules finally escaped from the denuder tube with the
gas flow. Table 1 also shows that ICl is collected with about 5 times greater efficiency than L.
This can be easily explained by the positive polarization of the iodine atom in the

interhalogen, which provides a more electrophilic iodine moiety.

Since methoxy substituents are also strong activating substituents for electrophilic aromatic
substitution, the next chemicals tested as coating materials were methoxy-, dimethoxy-, and
trimethoxybenzenes. Due to the higher reactivity of the interhalogen these experiments were
focused on ICl. As can be seen in Table 1, anisole (methoxybenzene) and
1,4-dimethoxybenzene showed no significant improvement in their collection efficiencies
(less than 10%), even with a large excess of the coating material. 1,3-dimethoxybenzene
showed a much better collection efficiency as coating material with a total efficiency up to
94%. However, the coating formed a liquid film at the inner wall of the denuder and therefore
the denuders were difficult to be operated and stored. Furthermore, also the diiodo derivative
was formed, certainly a disadvantage for the quantification procedure. Consequently,
1,3,5-TMB, the most activated toward electrophilic substitution among the
methoxy-substituted benzene derivatives, was finally also tested as coating material.
Satisfactory collection efficiencies for ICl were obtained and the values are very close to the
expected theoretically values. On the basis of these results, 1,3,5-TMB was selected as most

suited coating material for iodine sampling and tested further.
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Table 1. The Coated Absorption Mediums Examined for the Gaseous Iodine and Iodine
Monochloride®

coating derivative collection efficiency
(%)
IC1 L

DMA 4-iodo-DMA 2.1 0.4
anisole 4-iodoanisole 1.6 N.D.
1,4-dimethoxybenzene 1-iodo-2,5-dimethoxybenzene 5.5 N.D.
1,3-dimethoxybenzene 1-iodo-2,4-dimethoxybenzene 62.2 N.D.

1,5-diiodo-2,4-dimethoxybenzene 32.2°

1,3,5-TMB 1-iodo-2,4,6-TMB 99.4 1.2

a-CD 4-iodo-DMA N.D. 45.1
a-CD/'*T 4-iodo-DMA 29.1 98.2

* gas flow rate: 350 mL min™. ® Not Detected. ° given as the difference between total collection
efficiency and collection efficiency based on monoiodo derivative.

It is well known that cyclodextrins (CDs), especially a-CD,* form inclusion complexes with
elemental iodine that can be displaced/extracted by other reagents under certain conditions.
However, the collection efficiency obtained was less than 50% when just pure a-CD was used
as coating material for gaseous I, collection. When small amounts of 1291 (1291'/12 > 1:3,
mol/mol) were added to the a-CD coating solution, the efficiency could be increased to 98.2
%. This behaviour is similar to the formation of iodine complexes with starch in aqueous
solution, for which the need of iodide ions has been emphasized recently.* From the
experiments performed here, it is evident that the iodide ions are also beneficial for a stable
complexation of iodine by a-CD, most likely due to the formation of I3 ions. As a

129

consequence of the addition of “’I" to the coating material and the fact that the heavy iodine

isotope contains a certain amount of '*’I (see the Experimental Section), the results for
gaseous I, measurements have to be corrected based on constant isotope ratio of the T

spike in the coating material.

Effect of Gas Flow Rate. Obviously, the efficiency of the denuder to quantitatively retain
gaseous analytes is a crucial factor for its analytical performance and one critical factor
influencing the efficiency is the gas flow through the denuder. Therefore, the collection
efficiencies for I, and ICl as a function of the gas flow rate were tested and compared with

the theoretical (maximal) values. The diffusion coefficients (0.0924 cm® s™ for I, and 0.102
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cm’” s for IC, respectively, at 25 °C) were calculated according to the FSG/LaBas Method.*®
The collection efficiency was then calculated from the Gormley—Kennedy equation.*' Figure
2 shows the comparison of the theoretical efficiencies with the experimental ones. It can be
seen from the figure that the experimental values of the collection efficiency for ICl are very
close to the theoretical predictions within the gas flow range between 300 and 1800 mL min™".
The experimental results for I, are slightly lower than the theoretical expectations, especially
at higher flow rates. The reasons for the slightly smaller efficiencies can be manifold, e.g., a
slightly slow reaction rate for the formation of the iodine-a-CD inclusion complexes or the
incomplete reaction between iodine and DMA during the postderivatization step (~97.5%

efficiency).
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Figure 2. Collection efficiency for I, and ICI as a function of gas flow rate: solid line,
theoretical collection efficiency curve of ICl; dashed line, theoretical collection efficiency
curve of I,; squares, experimental collection efficiency for ICI; triangles, experimental
collection efficiency for L.

Separation of Gaseous ICI and I, Mixture. A remarkable result revealed from the data in
Table 1 is that 1,3,5-TMB coating is suitable for the collection of gaseous ICl in the denuder
with a very satisfactory efficiency but a very poor sink for gaseous I, collection (efficiency
less than 1.2% at the flow rate of 350 mL min™). On the other hand, the o-CD/'*T coating is
a very efficient coating material for gaseous I, collection but less efficient for ICI collection

(29.1% efficiency at 350 mL min™ gas flow rate). Thus, it is possible to differentiate between
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ICl and I, by a selective collection in different denuder tubes, employing a
1,3,5-TMB-denuder and a a-CD/'*I'-denuder connected in series by a short Teflon tube. To
minimize the interferences from each other, the 1,3,5-TMB-coated denuder was used as the

front-denuder to collect ICI. The second denuder was coated with a-CD/'*’

I" to retain gaseous
I,. The results shown in Figure 3 (also see Table S2, Supporting Information) indicate that the
coupled separation system established is reliable and practical for the differentiation of gas
mixture of I, and ICL. The precision (1.8%-7.9% RSD), can be considered to be very
satisfactory in view of other sources of error (not only denuder operation) that contributed to
total RSD wvalues, e.g., error of the GC-MS detection (RSD = 2.5% and 2.9% for
1-i0do-2,4,6-TMB and 4-iodo-DMA, respectively), fluctuation of vapour generated (RSD =
2.8%—4.3%) and nitrogen flow. The measured I, and ICI data for different mixture ratio are in

close agreement with their respective calibrated values, with differences ranging from 1.5%

to 6.8%.
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Figure 3. Plot of concentration measured by denuder vs the concentration of gaseous
mixtures of ICI and 1.

Evaluation of Operation Conditions of the Denuder. For practical reason it is more
favourable if a batch of denuders can be prepared and stored several days prior to and after
field sampling. Therefore, the stability for pre-prepared denuder tubes stored in a refrigerator
for 2 weeks before and after sampling was investigated. In contrast to the collection

efficiency obtained by use of freshly prepared denuders (99.2% for ICl and 97.8% for I,
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respectively, at a gas flow rate 500 mL min™), the respective collection efficiency of denuder
stored prior to and after sampling test gas was slightly smaller, i.e., 97.9% and 95.1% for ICl,
and 94.3% and 96.9% for I,. According to the Student’s significance test there was no
difference at the 5% level between the stored and non-stored tubes for both I, and ICl. The
differences of the collection efficiencies of denuders operated over a relative humidity
ranging from 0 to 100% were less than 8.6% for ICl and less than 5.7% for L, respectively
(Table S3, Supporting Information). It is noted that the concentrations of iodine species tested
here could be somewhat higher than the typical ambient concentration levels. Thus, for field
measurements, the extension of sampling time could be necessary to collect a sufficient
analyte mass for subsequent GC/MS analysis. Therefore, additional experiments were
performed by increasing the sampling time to 180 min at a flow rate of 500 mL min™. The
differences of collection efficiencies were less than 4.8%. These results are not surprising
because the coating materials are present in excess and highly reactive towards the target
analytes. The instrument detection limit (IDL), based on a signal/noise (S/N) ratio of 10
under SIM mode, was 0.31 pg for 1-iodo-2,4,6-TMB and 1.72 pg for 4-iodo-DMA,
respectively. Such low IDLs permit low sample volumes and short sampling times, which
enabled us to increase the time resolution and study the diurnal variation of the atmospheric
concentrations of both AIC and I,. On the basis of 90 L sample volume, the LOD obtained in
this work was 28.6 parts-per-quadrillion-by-volume (ppqv) for AIC and 94.6 ppqv for I,

respectively.

Field Measurements. To further demonstrate the analytical performance of the developed
method, the coupled denuder system was used for the measurement of AIC and I, in the
remote MBL. The samples were taken at low tide during a field campaign at the Mace Head
Research Station at the west coast of Ireland, where abundant atmospheric events such as
ozone depletion and coastal new particle formation with regard to iodine chemistry were

observed recently.

It is worthwhile to consider which other gaseous iodine species besides I, HOI, and ICl, can

be present in the MBL and therefore potentially contribute tosor interfere withsthe AIC and I,
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measurements presented below. These are IBr, volatile organohalogens (e.g., iodomethane,
diiodomethane), IO, and OIO. IBr proved to be converted into bromination derivative in the
1,3,5-TMB-coated denuder in our laboratory and therefore will not interfere with the AIC
measurements presented here. Also the organohalogens will not contribute to the AIC values
since the organohalogens contain a negatively polarized iodine atom (therefore even less
reactive toward 1,3,5-TMB than I,) or to the I, values since even if they would be collected
within the a-CD-coated denuder (what is actually not expected) they will not react with the
derivatization agent (DMA) during the subsequent sample preparation step. Similarly, the
iodine oxides can be excluded to contribute to the AIC values because both molecules will
not react with the TMB by an iodine substitution mechanism. Furthermore, Maguin et al.*’
observed that even at low pressure (~0.2 kPa) the self-reaction of iodine oxides is much faster
than the reactions of iodine oxides with a series of hydrocarbons. It can be expected that the
self-reaction of iodine oxides is significantly elevated at ambient pressure (101.3 kPa). In
addition, typical concentrations of iodine oxides in the atmosphere are lower than those of the
iodine species investigated here. Therefore, significant interferences from iodine oxides are

also not expected.

Table 2. Determination of AIC and I, in the Remote Marine Boundary Layer (Mace

Head, Ireland)
sample sampling time tidal height" (m) AIC (pptv) I, (pptv)
070829-01 12:30-15:30 0.4 at 11:42 5.8+0.6 23.6+1.9
070830-01 23:30-00:30 0.1 at 00:03 302+0.6 140.7£5.6
070830-02 13:27-15:27 0.3 at 12:19 6.0+ 0.5 29.1+1.0
070831-01 23:10-01:10 0.1 at 00:40 10.3+0.8 722+34
070901-01 12:50-15:50 0.5 at 13:35 3.6+0.2 16.8+0.6
070902-01 00:00-03:00 0.6 at 01:58 74+0.3 423+1.2

* data are obtained on the Word Wide Web at URL: http://easytide.ukho.gov.uk. ® Mean +
SD (n=15).

Table 2 shows the results of the first application of the method for field measurements. Both
AIC and I, were observed during daytime and nighttime within a 5 day period. A maximum I,
mixing ratio of 140.7 pptv was measured at night and 29.1 pptv during the day, probably due
to the rapid photolysis of I,."* The respective daytime and nighttime average level of I, were

23.2 and 85.1 pptv. I, is expected to be released from marine macroalgae or kelp at low tide
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when these plants are exposed to air.'®?® Therefore, the denuder method described here,
which provides in situ point measurements of gaseous I,, can be used to better identify the
potential sources of molecular iodine. The mixing ratios of AIC during the period of 5 days
were correlated with the levels of I, with a maximum value up to 30.2 pptv at night and 6.0
pptv during the day. As mentioned above the formation pathways and concentrations of AIC
are not well known up to now. HOI is believed to be formed by the reaction of I atoms and
HO; radicals; hence, HOI is expected to be present during the day. The formation of gaseous
interhalogens including ICl are currently believed to be linked to the release from sea salt
particles following uptake and heterogencous chemistry of HOI®'" or, under appropriate
conditions, freezing processes of sea salt solutions.*® Obviously, a separate identification of
HOI and ICl would be useful; however, a very similar chemistry of both species can be
expected (positively polarized iodine atom), and therefore a cumulative concentration as
measured here is still highly interesting. On the basis of the formation mechanisms we
assume that HOI contributes to the AIC values especially during the day and ICl especially
during the night. Given their high reactivity toward organic materials (Table 1), HOI and ICI
could be an additional source for organic iodine® in marine aerosol where organic fractions
account for 15-63% of submicrometer aerosol mass.**" Certainly, further modeling
exercises and especially field measurements are required to clarify the origin and atmospheric
significance of I, and AIC since these species are critical for an understanding of the

chemistry of halogen activation, ozone depletion, and particle formation in the MBL.**"!

CONCLUSIONS

This study demonstrates that 1,3,5-TMB-denuder coupled to a-CD/ 1 _denuder is an
efficient sampling system for the separation of gaseous AIC (ICl and HOI) and I, with
satisfactory collection efficiencies (99.4% for AIC (tested as ICl) and 98.2% for I,
respectively) and minimized interferences from each other. The analytical performances of
the coupled system have been evaluated thoroughly. The precision and accuracy ranged from
1.8% to 7.9% and from 1.5% to 6.8%, respectively. The operation of both 1,3,5-TMB- and

a-CD/'"T-denuder was independent of relative humidity and storage periods. Detection
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limits at ppqv level were achieved. In general, a coupled denuder system with specific

coatings has a great potential in the speciation of different compounds in the atmosphere.

In addition, the coupled denuder system developed here has been applied to the
measurements of AIC and I, in the remote marine boundary layer. For the first time, ambient
AIC mixing ratios were measured with a maximum concentration of 30.2 pptv at night and
6.0 pptv during day at the atmospheric research station in Mace Head, Ireland. The average
level of I, was 23.2 pptv during daytime and 85.1 pptv during nighttime. The coupled
sampling system provides a practical, reliable and convenient approach for iodine species

analysis in atmospheric domains such as coastal areas, the open sea, and polar regions.
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The reason why N,N-dimethylaniline was selected as test coating material

N,N-dimethylaniline (DMA) was selected as coating material because it is an activated
molecule in respect to the electrophilic attack of iodine compounds (electrophilic aromatic
substitution). The dimethylamine moiety of this substrate with its unshared pair of electrons
is strongly activating and directs the entering iodine to the ortho and para positions. Although
DMA has one para and two ortho positions available for substitutions, iodination occurs only

at the para position since the substrate is present in excess and the substitution at the two
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ortho positions is sterically hindered by the large dimethylamino substituent. For the same

reason this chemical has been used for the derivatisation of elemental iodine in aqueous

solution.

Table S1. SIM Conditions for Quantitative Analysis of AIC and I,

AIC sample I, sample
R.T.? R.T. compound quant’ qual® R.T. R.T. compound quant®  qual®
window  (min) m/z m/z window  (min) m/z m/z
(min) (min)
6.0-7.8 749 1,3,5-TMB 168 139 5.0-70 5.82 DMA 121 77
7.8-9.0 844  2.4,6-tribromoanisole 344 329, 7.0-8.3  8.04 4-iodo-DMA 247 119
346
9.0-11.6  9.17 1-iodo-2,4,6-TMB 294 139 8.3-11.6 879 2.,4,6-tribromoaniline 329 250,
331

2 R.T.: retention time in the chromatogram. ®m/z ratio used for quantification. ¢ m/z ratio used for confirmation.

Table S2. The Performance of the Separation System: Results from the Analysis of Gas Mixture (300 mL min™)

concentration of the test gas source concentration by the RSD differences between test gas
(ppbv) present method® (%) concentration and measured
(ppbv) data (%)
L IC1 L ICl L IC1 L IC1
15.6 13.5 14.9 132 5.6 3.4 4.6 22
15.6 4.49 15.1 4.56 6.3 1.8 33 1.5
5.19 4.49 4.92 4.42 6.8 42 53 1.6
5.19 1.5 4.85 1.47 7.6 3.7 6.8 2.1
1.04 1.5 0.98 1.44 6.5 4.5 5.9 39
1.04 0.94 0.97 0.91 7.1 7.9 6.5 33
* mean of three replicates.
Table S3. Effect of Relative Humidity on the Collection Efficiency
relative humidity (%) collection efficiency” (%) Differences (%)
I, ICI I, ICI
~0 97.9+1.3 99.2+0.5 2.5 43
30 98.5+1.6 98.7+1.1 3.1 3.9
70 95.6+3.7 95.4+29 0.1 0.1
100 90.6+4.3 88.5+34 5.7 8.6

*mean + SD (n = 3).
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Field Measurements
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Theoretical studies have predicted that concentrations of gaseous I, and IO of the order of
80—100 ppt and 40-50 ppt, respectively, are required in coastal air to account for
photochemically-driven coastal new-particle formation events to occur. However,
measurements reported to date (i.e., ~20 ppt I, <10 ppt 10) have not supported the required
model predictions. Here, we present measurements of high concentrations of I, and 10 in N.E.
Atlantic marine air on the west coast of Ireland. The maximum mixing ratios of daytime I,
and IO over the seaweed beds during low tide were 302 ppt and 35 ppt, respectively. The I,
distribution was rather inhomogeneous, even at the inter-tidal zone, but closely related to the
macroalgae biomass abundance. New particle formation bursts were frequently observed
during daytime hours with the concentrations up to 4.5 x 10> particles cm™ during low-tide
conditions, and the concentrations of ultra-fine particles were positively correlated with the

10 concentrations. Considering the constraints set out in theoretical studies for new particle
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formation via condensation of condensable iodine oxide vapours, the results reported here
clearly demonstrate that the molecular iodine and iodine monoxide concentrations in coastal
air are sufficient to meet the theoretical precursor concentrations required to drive intensive

coastal new-particle formation from higher order condensable iodine oxides.

1. Introduction

The impact of iodine chemistry in the lower troposphere is presently a subject of considerable
interest. Numerous studies [e.g., von Glasow and Crutzen, 2007] have concentrated on the
potential of reactive iodine to affect the oxidising capacity of the marine boundary layer
(MBL) in a variety of ways: catalytic destruction of Os, altering the partitioning of NOy
(NO2/NO) and HOx (HO,/OH), and activating chlorine and bromine from sea-salt aerosol.
Iodine may also play an important role in O3 and Hg depletion episodes in the polar boundary
layer. Recent field measurements and modeling studies indicate that these atmospheric
processes could be enhanced with elevated tropospheric iodine level [Saiz-Lopez et al., 2008;

Read et al., 2008].

Since molecular iodine (I,) was suggested to be the dominant source of coastal reactive
iodine in the MBL during the 2002 NAMBLEX field campaign at Mace Head (Ireland)
[Saiz-Lopez and Plane, 2004], it has become well-established by laboratory studies that the
emission of this molecular iodine from low tidal macroalgal exposure is indeed a most
important process responsible for the observed tropospheric iodine level [McFiggans et al.,
2004; Kiipper et al., 2008]. Significant levels of molecular iodine have been observed at
Mace Head and nearby sites (~100 parts per trillion (ppt)) [Saiz-Lopez and Plane, 2004;
Saiz-Lopez et al., 2006; Peters et al., 2005], and at La Jolla, California (~8 ppt) [Finley and
Saltzman, 2008]. Although large-scale I, observations have not been realized so far due to the
lack of analytical techniques to accurately measure this species, the measurements of iodine
monoxide (I0) radicals, an unambiguous product of iodine atom reaction with ozone, have
been carried out at various coastal sites and the polar regions by ground-based approaches

and satellite [e.g., Peters et al., 2005; Whalley et al., 2007; Schonhardt et al., 2008].
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The formation of ultra-fine particles in the coastal atmosphere has been observed frequently
[O’Dowd et al., 1998; O’Dowd et al.,, 2002; O’Dowd and Hoffmann, 2005]. Positive
correlations between seaweed mass, I, emissions and the resulting particle concentrations
have been elucidated from chamber experiments [Sellegri et al., 2005]. Also the role of
iodine oxides in driving coastal ultra-fine particle formation has been widely investigated
[e.g., Hoffmann et al., 2001; McFiggans et al., 2004]. This formation process is thought to
involve the production of 10 via the reaction of O3 with iodine atoms that are generated by
photolysis of I, and the self-reaction of 1O to yield higher oxides (I,Oy, where y = 2-5),
which finally nucleate and form new particles. Therefore, the presence of 10 in the
atmosphere points to the possibility of new particle formation. However, model calculations
[Burkholder et al., 2004] demonstrate that IO concentrations reported in recent field
measurements using long-path differential optical absorption spectroscopy (LP-DOAS) are
not sufficient to account for the significant aerosol production observed in the coastal MBL,
mostly because the data derived from DOAS measurements are calculated assuming a
constant concentration along the light path of several kilometers which consequently can not
reveal the true concentration level in the inter-tidal zone of a fraction of a kilometer. The
same is true for I, measurements which were mostly carried out by LP-DOAS, leading to
potential underestimation of the concentration levels of I, in the inter-tidal zone. Although
broadband cavity ring-down spectrometer (BBCRDS) can provide “single-point” in situ
measurements of I, [Saiz-Lopez et al., 2006], the limits of detection of these spectrometric
methods are in general relatively high, which makes the accurate quantification of daytime I,
still difficult and therefore obscures our understanding on the atmospheric processes of iodine,
since models have predicted that even very small amount of I, under daytime conditions

could strongly affect the marine atmosphere [Peters et al., 2005].

While most of the above studies have been located at Mace Head, it should be noted that
Mace Head possesses perhaps the lowest algal biomass in the region as most of the shore is
characterized by bare rocks rather than notable kelp beds. This study extends the studies at
Mace Head to simultaneous measurements in a nearby algal biomass hotspot, Mweenish Bay.

During a campaign in August and September, 2007, elevated concentration levels of I, and
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I0 were observed, particularly over the exposed seaweed beds. This result provides

substantial support to the strong iodine-containing new particle burst observed in the coastal

MBL.

2. Field Measurements

The field measurements of I, and IO were made at the Mace Head Atmospheric Research
Station (53.25° N, 9.80° W) and Mweenish Bay (53.32° N, 9.73° W), in N.E. Atlantic. The

later is located about 7 km southeast of the Mace Head research station.

Molecular iodine was measured by a diffusion denuder system in combination with a gas
chromatography—mass spectrometry (GC—MS) method, which provides “single-point” in situ
concentrations of I, at the sampling site. Details of this recently developed denuder/GC-MS
method are given by Huang and Hoffmann [2009] and therefore it is only briefly described
here. Ambient I, samples were taken by brown denuder tubes (6 mm i.d. x 50 cm length)

which were uniformly coated with 11.25 mg a-cyclodextrin (a-CD) and trace '*’

I, at a flow
rate of 500 mL min™ for 60—180 min. The interference iodine species such as ICI and HOI
were isolated by coupling a 1,3,5-trimethoxybenzene-coated denuder upstream of the
0-CD/'"®T'-coated denuder (data not shown here). After sampling, the open ends of the
denuders were again sealed with PP end-caps and kept under refrigeration until subsequent
laboratory measurements. In the laboratory, the samples were eluted with five 2.0
mL-portions of ultrapure water into a 25-mL flask in which amounts of 500 pL of phosphate
buffer (pH 6.4), 100 uL of 2,4,6-tribromoaniline (2.5 mg L™, internal standard), 400 pL of
sodium 2-iodosobenzoate, and 300 pL of N,N-dimethylaniline was added. Subsequently, the
solution was shaken at room temperature for about 120 min, leading to a complete
derivatization of I, into 4-iodo-N,N-dimethylaniline. Finally, the solution was extracted with
100 uL of cyclohexane. 1.0 uL of the extraction solution was injected into a GC—MS system
(Trace GC/PolarisQ, Thermo Finnigan, Italy). A Rtx-5MS fused-silica capillary column

(Restek Co., Bad Homburg, Germany) was used for chromatographic separation, and the MS

was run in the selected ion monitoring (SIM) mode to enhance the sensitivity of
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measurements. The detection limit of the method is below 0.1 ppt for 90 L sample volume,

and the collection efficiency is greater than 98%.

10 was measured by two active LP-DOAS systems [Platt and Stutz 2008]. Details are found
in Seitz et al. [2009], thus only a brief description will be given here. The almost parallel light
beam of a high pressure Xe-arc lamp (type: XBO 500, Osram), was sent through the open
atmosphere to an array of quartz prism retro-reflectors (63 mm diameter each) and then
reflected back to the receiving optics of the telescope. At Mace Head the light-path (6.8 km,
one-way, 13.6 km total length) crossed Roundstone Bay to Roundstone, about 5—-10 m above
sea level at high tide, where the reflector consisting of 76 quartz prisms was located. At
Mweenish Bay a light-path (2.0 km, one-way, 39 quartz prisms) crossing Mweenish Bay to
Finish Island was established. This light-path crossed the sea at about 5-10 m above sea level
at high tide. The reflected light was analyzed by a spectrometer (Acton Spectra Pro 300, f =
4.1 equipped with a 1900 gr mm™ grating and Acton Spectra Pro 500, f = 6.9, 600 gr mm
grating for the measurements at Mace Head and Mweenish Bay, respectively). In both cases
the detector used was a 1024 pixel photodiode array (type: S3904-1024, Hamamatsu).
Spectra of the atmospheric light beam, scattered sunlight, and the Xe-arc lamp, were recorded.
For each wavelength range an atmospheric measurement spectrum with a time resolution of
30 sec and signal integration of about 15 min (a maximum of 30 co-added spectra) was taken.
IO was measured in the 430 + 40 nm wavelength regions. For the analysis of the LP-DOAS
data the software DOASIS was used to simultaneously fit the different references to the
atmospheric spectrum using a non-linear least-squares method (for details see Platt and Stutz
[2008]). The spectra were analyzed for IO absorption structures in the wavelength range
between 416 and 439 nm including references of NO, and H,O in the fitting procedure. The

averaged 1O detection limits are 0.6 ppt at Mace Head and 2.1 ppt at Mweenish Bay.

At Mweenish Bay, particle measurements were carried out by a nano scanning mobility
particle sizer (nano-SMPS), covering sizes from 3 nm to 20 nm, and a standard SMPS,
covering sizes from 10 nm to 100 nm. Both the nano-SMPS and SMPS were standard

Thermo Systems Inc. (TSI) systems [Wang and Flagan, 1990], with the nano-SMPS using the
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TSI 3025a condensation particle counter (CPC) as a detector and the SMPS using a TSI 3010
CPC as a detector. The instruments were located about 150 m away from the low tide region
and sampling was conducted down a 3 m long, 4" stainless steel inlet. Size resolved
concentrations were corrected for diffusional losses, which were calculated based on tube
diameter and residence time in sample tube. Equations were taken from Seifeld and Pandis

[2006].

3. Results and Discussion

“Single-point” in situ measurements of littoral I were made by a coupled denuder system
[Huang and Hoffmann, 2009]. Compared to our previous starch-coated denuder system
[Sellegri et al., 2005; Saiz-Lopez et al., 2006] this newly developed method provides better
collection efficiency by the use of more effective coating materials and better accuracy by
minimizing the interference iodine species. However, it should still be noted that the
sampling time of denuder used in this work is relatively long (ranged from 60 to 180 min)
which does not allow measurements at the time scales at which the photolysis of I, occurs.

Therefore, the peak values of I, might actually be larger than those reported here.

At Mweenish Bay, the daytime in situ measurements taken exactly over the central zone of
seaweed beds during low tide show very high mixing ratios of I, ranging from 110.3 to 301.8
ppt with an average of 186.3 ppt. Since the inlet of the denuder was set up very close to the
seaweed beds (~5 cm) during sampling it is reasonable to treat these data as local source
strength. When the measurements were carried out downwind of the seaweed beds with a
distance of about 100—150 m, the daytime concentration decreased to about 36.7 ppt (ranging
from 14.9 to 87.2 ppt, also partly shown in Figure 1a). This significant decrease of I, mixing
ratio observed downwind of (i.e., further away from) the seaweed beds could be attributed to
the rapid photolysis of I, that has a photolytic lifetime of 10 s [Saiz-Lopez et al., 2006],
which is further supported by the large particle plumes observed during the advection
crossing 100—150 m, and to the concentration dilution effect during the air mass transport

from seaweed beds to the sampling site. Note that during these measurements the wind (from
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sea direction) passed over the seaweed beds with a speed of 5.4-7.7 m s™ corresponding to a
transport time of about 14-28 seconds. However, the averaged night-time I, mixing ratio
downwind of the seaweed beds (~124 ppt) is comparable to the levels found directly above
the seaweed beds (source strength) although the values drop to around 30 ppt in several
episodes. This result indicates that I, mixing ratio will reach a steady state in the coastal air at
night, which could be responsible for the pulse of 10 that typically occurred after dawn

[Saiz-Lopez and Plane, 2004].
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Figure 1. Comparison measurements of littoral I, (a) and spatial IO (b) between Mweenish
Bay and Mace Head. Note that I, samples were simultaneously taken in the intertidal zone
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about 100-150 m away from the algae beds during daytime and night-time low tide in both
locations. The time (UTC) present above the column indicates the sampling period of each
sample and the error bars refer to triplicate measurements of the same sample by GC-MS.
Also note that only the IO values above the individual detection limits are presented here.
The averaged detection limits are 0.6 ppt at Mace Head and 2.1 ppt at Mweenish Bay,
respectively. Elevated 1O levels were observed during low tide with intense solar irradiation.
Also the 10 mixing ratios were positively correlated to the concentrations of .

I, measurements were also simultaneously carried out at Mace Head. The selected sampling
site was about 100—150 m away from the seaweed beds. The averaged daytime I, mixing
ratio (~23 ppt) is comparable to the reported average concentration (~26 ppt) by BBCRDS at
the same site [Saiz-Lopez et al., 2006]. However, the mixing ratios during both daytime and
night-time are significantly lower at Mace Head than at Mweenish Bay (see Figure 1a). This
difference could be attributed to the higher biomass density at Mweenish Bay than at Mace
Head and the difference in algal species composition at these two sites, i.e., dominated by
Laminaria digitata, Laminaria hyperborean, Himanthalia elongata, Palmaria palmata and
Alaria esculenta at Mace Head and Ascophyllum nodosum and Fucus vesiculosus at
Mweenish bay [Irish Seaweed Centre, 2001], since chamber experiments showed that the

emissions of I are related to the seaweed species and biomass [Sellegri et al., 2005].

Comparison measurements of [0 were made between Mweenish Bay and Mace Head by
LP-DOAS. At Mace Head, the mixing ratios of 10 observed are consistent with previous
measurements taken during the 1998 PARFORCE [Carpenter et al., 2001] and 2002
NAMBLEX field campaigns [Saiz-Lopez and Plane., 2004]. At Mweenish Bay, 10 was
measured for the first time, and the mixing ratios observed were strikingly higher when
compared to that at Mace Head. As shown in Figure 1b, the maximum IO mixing ratios occur
at low tide during the period of high solar irradiation, and the daily IO maximum decreases
gradually with the increase of the minimum in tidal height (correlation coefficient r* = 0.68).
This diurnal profile is well consistent with the characteristics of I, emission at the local
shoreline. When elevated I, concentrations occurred on August 29 and 30, higher 10 mixing
ratios were observed correspondingly (see Figure la and b). Obviously, enhanced algal

exposure leads to elevated I, emissions and consequently higher concentrations of 10. This
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result is further supported by additional measurements at Mweenish Bay where IO mixing
ratios of up to 35.0 = 7.7 ppt were observed by a very short DOAS light-path (500 m,
one-way) which covered exclusively the exposed seaweed beds at low tide [Seitz et al., 2009].
It is noted that this maximum IO concentration is very close to the littoral level (27.6 + 3.2
ppt) at Roscoff (Brittany, France) measured by the “sing-point” in situ technique of cavity
ring-down spectroscopy [Wada et al., 2007] and laser induced fluorescence spectroscopy
[Whalley et al., 2007]. It may therefore be inferred that the actual IO concentration could be
5-10 times higher than that reported from LP-DOAS measurements of several kilometers

extending over open sea in the coastal atmosphere at Mweenish Bay and nearby locations.

The elevated concentration levels of I, and IO are clearly correlated to the observation of
strong new-particle bursts in 14 out of 23 days of measurements (17th August—8th September)
at Mweenish Bay. Figure 2a illustrates the particle size distribution spectrum measured on
30th August. The ultra-fine particle bursts take place during daytime low tide and last for
about 4-6 h, which is closely related to the diurnal variation of the seaweed exposure period.
The concentrations of ultra-fine particles (D < 7 nm) can be as high as 4.5 x 10’ particles
cm” during the lowest water (spring tide) and are positively correlated to the measured 10
column density, as shown in Figure 2b. Note, in the correlation presented, the 10 time scale is
shifted by ~15 minutes to allow advection time. Although the shift may be excessive for a
transit of 150 m, it was the minimum time scale that could be shifted due to instrument
temporal resolution. The correlation coefficient r* = 0.66, suggesting a significant

dependency of particle concentration less than 7 nm on IO vapour concentrations.

In summary, the present work shows that elevated concentration of I, can occur over the
seaweed beds during low tide under atmospheric conditions. The source strength is closely
related to the seaweed species and their biomass. Shortly beyond the seaweed beds I
concentrations decrease significantly during daytime, indicating rather inhomogeneous I,
distributions even in the inter-tidal zone. Elevated IO mixing ratios are also observed over the
seaweed beds, which drives the enhanced new particle bursts at the concentration level of

~10° particles cm™. These results clearly demonstrate that the concentration levels of I, and
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Figure 2. (a) The particle size distribution of 30th September observed at Mweenish Bay, and
(b) the correlation between ultra-fine particle concentrations and 10 column density during
the period of particle bursts (spring low tide). Note that the IO time scale is shifted by ~15
minutes to compensate for the advection time.

IO in coastal air are sufficient to meet the theoretical precursor concentrations required to
drive intensive coastal new-particle formation from higher order condensable iodine oxides.
From the correlations established in the current work in combination with previous
observations of new particle bursts at the west coastline of Ireland [Sellegri et al., 2005;
O’Dowd et al., 2007] and at Brittany (France) [Whitehead et al., 2009] as well as with the
laboratory studies [O’Dowd et al., 2002; McFiggans et al., 2004; Kiipper et al., 2008], it may
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be inferred that tidally driven new particle formation events could be widespread over the

algae-rich coastline.
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3.2 In situ measurements of molecular iodine in the marine
boundary layer: the link to macroalgae and the implications
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Abstract. “Single-point” in situ measurements of molecular iodine (I;) were carried out in
the coastal marine boundary layer (MBL) using diffusion denuders in combination with a gas
chromatography—mass spectrometry (GC—MS) method. Comparison measurements were
taken at Mace Head and Mweenish Bay, on the West Coast of Ireland. The observed mixing
ratios of I, at Mweenish Bay are much higher than that at Mace Head, which is consistent
with differences in local algal biomass density and algal species composition. The
concentration levels of I, were found to correlate inversely with tidal height and correlate
positively with the concentration levels of Os in the surrounding air. However, the released I,
can also lead to O3 destruction via the reaction of O3 with iodine atoms that are formed by the
photolysis of I, during the day and via the reaction of I, with NOy at night. IO and OIO were
measured by long-path differential optical absorption spectroscopy (LP-DOAS). The results
show that the concentrations of both daytime and nighttime 1O are correlated with the mixing
ratios of I,. In addition, I, was measured simultaneously by the LP-DOAS technique and
compared with the “single-point” in situ measurement. The results suggest that the local algae

sources dominate the inorganic iodine chemistry at Mace Head and Mweenish Bay.
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1 Introduction

The role of iodine chemistry in ozone depletion events and marine aerosol formation has
received considerable attention in the past few years (Saiz-Lopez et al., 2007; Read et al.,
2008; O’Dowd et al., 2002; Vogt et al., 1999). The precusors for these iodine-related
atmospheric processes have been proposed, from early studies, to be iodocarbons such as
CHsl, CH;l,, CH,CII, CH;,Brl, C,Hsl, CsH7I, or C4Hol (Carpenter et al., 1999). However,
recent field measurements show that molecular iodine (1) is probably the dominant source of
atmospheric iodine in certain coastal regions. A maximum I, mixing ratio of 93 parts per
trillion by volume (pptv) at night and of 25 pptv during the day was observed during the
North Atlantic Marine Boundary Layer Experiment (NAMBLEX) field campaign at Mace
Head, Ireland in summer 2002 using a long-path differential optical absorption spectroscopy
(LP-DOAS) (Saiz-Lopez and Plane, 2004). During periods of daylight, I, molecules in the
atmosphere photolyze to I atoms which then react with O; to yield iodine oxide (I0). A clear
anti-correlation between IO and tidal height and a correlation between 1O and solar
irradiation were also observed at Mace Head (Carpenter et al., 2001; Saiz-Lopez et al.,
2006a). The self-reaction of 10 is thought to result in the formation of higher iodine oxides
like OIO or 1,04 and finally leads to new particle formation (Hoffmann et al., 2001; O’Dowd
and Hoffmann, 2005; Pirjola et al., 2005). Also, 10 radicals play a key role in a number of

other important tropospheric processes, including NOx and HOx chemistry.

Biogenic emission of I, by macroalgae has been suggested to be one of the most important
processes responsible for the observed tropospheric iodine levels in coastal locations
(McFiggans et al., 2004; Pirjola et al., 2005; Palmer et al., 2005). A recent study shows that
iodine is accumulated in macroalgae (e.g., Laminaria digitata) in the form of iodide, which
can react with Oz when the plants are exposed to the ambient air at low tide, leading to the
direct release of I, into the atmosphere (Kiipper et al., 2008). However, the correlations
between I, emissions and algal species are still poorly understood, especially under realistic
ambient conditions, so that the impacts of biogenic emission of I, on tropospheric

photochemistry on regional and global scales remain an open question.
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Currently, data on ambient I, are still quite scarce, and most of the measurements were
carried out by long-path differential optical absorption spectroscopy (LP-DOAS) (Saiz-Lopez
and Plane, 2004; Saiz-Lopez et al., 2006a; Peters et al., 2005). This technique provides spatial
average concentrations along the DOAS light-path (usually several kilometres in length), thus
is incapable of resolving inhomogeneous distributions of I,. However, it has been proposed
that the spatial variability of the sources of reactive iodine leads to significant spatial
variations in the concentrations of iodine species. Thus, the DOAS measurements can lead to
ambiguity in the identification of the source of the iodine species (Peters et al., 2005; von
Glasow and Crutzen, 2007). Therefore, “point” in situ measurements of gaseous I, are highly
desirable to better identify the potential source of molecular iodine. A broadband cavity
ring-down spectrometer (BBCRDS) was deployed during the NAMBLEX campaign, and the
application of this system to “point” in situ measurements of ambient I, has been
demonstrated (Bitter et al., 2005). Recently, incoherent broadband cavity-enhanced
absorption spectroscopy (IBBCEAS) has been developed in the laboratory for gaseous I,
measurements (Vaughan et al., 2008). However, the detection limits of these spectrometric
methods are relatively high (~20 ppt), which makes the clear identification of daytime I, still
difficult. In addition, the initial concentrations from direct I, emissions are not accessible by
the spectrometric methods since the light-path runs mostly at a height of several meters above
the ground and the rapid photolysis of I, during daytime causes a vertical concentration
gradient. However, model studies have predicted that even very low concentrations of I,

under daytime conditions could strongly affect the marine atmosphere (Peters et al., 2005).

In this paper, we present the results of a 5-week field campaign carried out at Mace Head and
Mweenish Bay located at the West Coast of Ireland in August/September 2007. Ambient I,
mixing ratios were measured by a diffusion denuder system combined with a gas
chromatography—mass spectrometry (GC-MS) with precolumn derivatization method and by
the DOAS technique for comparison. The correlation between I, concentrations at different
measurement sites, ozone concentrations, tidal height, and occurance of different algal

species were investigated. Also the impact of iodine on nighttime chemistry was studied.
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2 Experimental

2.1 Diffusion denuder sampling in combination with GC—MS measurements

Ambient I, samples were taken by diffusion denuder tubes (6 mm i.d. x 50 cm length)
(Huang and Hoffmann, 2009). The collection of I, is based on the rapid formation of
inclusion complexes of I, with the combined coatings a-cyclodextrin (a-CD) and iodide (I).
To obtain denuders coated uniformly with the coating reagents, nine 0.5 mL aliquots of
coating solution (2.5 mg mL™" a-CD and trace '*’I" in methanol) were slowly pipetted into the
openings of the brown denuder tube which was held at an angle of about 10° relative to the
horizontal plane. During the coating procedure the tubes were rotated and flushed with
nitrogen for drying (flow rate 0.5 L min™). Afterward, the coated denuders were sealed with
polypropylene (PP) end-caps and stored under refrigeration until sampling. At the sampling
site, the denuders were set vertically to eliminate particle deposition due to gravitational
settling. The interference iodine species were isolated by coupling a
1,3,5-trimethoxybenzene-coated denuder upstream of the a-CD/I'-coated denuder (Huang and
Hoffmann, 2009), and an untreated glass tube of specific length (15 cm) with the same
diameter as the denuder tube was coupled to the denuder inlet, used as a subduction zone to
adjust the laminar flow of the sampled air into the denuder. Ambient air was sampled through
the denuder system by a membrane pump located downstream of the denuder for 30—180 min
at a flow rate of 500 mL min™". Once the sampling was completed, the open ends of the tubes
were again sealed with PP end-caps and kept under refrigeration until subsequent laboratory

measurements.

In the laboratory, the samples were eluted with five 2.0 mL-portions of ultrapure water into a
25-mL calibrated flask. Amounts of 500 pL of phosphate buffer (pH 6.4), 100 uL of
2,4,6-tribromoaniline (2.5 mg L'l, internal standard), 400 pL of sodium 2-iodosobenzoate,
and 300 pL of N,N-dimethylaniline were then added. The solution was diluted to about 23
mL with ultrapure water and subsequently shaken at room temperature for about 120 min. 2.0
mL of sodium acetate solution (20% m/v) was then introduced, and the solution was diluted

to the mark with ultrapure water. Finally, the solution was extracted with 100 pL of

- 136 -



cyclohexane. 1.0 uL of the solution was injected into a gas chromatography with an ion-trap
mass spectrometer (Trace GC/PolarisQ, Thermo Finnigan Italia S.p.A., Rodano, Italy). A
fused-silica capillary column (30 m x 0.25 mm i.d., d¢: 0.25 pm, Rtx-5MS, Restek Co., Bad
Homburg, Germany) was used for chromatographic separation. High-purity helium (99.999%)
was used as a carrier gas at a constant flow of 1.0 mL min™'. The temperature of the injector
was set to 250 °C and the transfer line was 300 °C. The temperature of the GC oven was
programmed as follows: initial temperature 50 °C (hold 3 min), 30 °C min™ to 220 °C (hold 3
min). The MS was operated in the electron impact (EI) ionization mode with an acceleration
energy of 70 eV. A solvent delay of 4.5 min preceded the MS spectra acquisition in the
selected ion monitoring (SIM) mode in the following sequence: 4.50—-6.00 min, m/z: 77, 121,
6.00-7.50 min, m/z: 119, 247; 7.50-11.67 min, m/z: 250, 329, 331. The blanks were estimated
by measuring the unsampled denuders which were sealed throughout the campaign and were

found to be within the ranges of the limit of detection (0.17 pptv).

2.2 DOAS measurements

DOAS is a well established technique to identify and quantify trace gases by their narrow
band absorption structures (Platt and Stutz, 2008). In this study, two active LP-DOAS
instruments were used. The setup of the LP-DOAS systems used was a further development
of the coaxial mirror system introduced by Axelson et al. (1990). The light beam was sent
through the open atmosphere to an array of quartz prism retro-reflectors (63 mm diameter
each). For the measurements at Mace Head the light-path (6.8 km, one-way) crossed
Roundstone Bay to Roundstone about 10 m above sea level at high tide, where the reflector
(consisting of 76 quartz prisms) was located. At Mweenish Bay, a light path (2.0 km, one-way,
39 quartz prisms) was established crossing Mweenish Bay at about 5 m above sea level at
high tide. For both instruments the reflected light was analyzed by a spectrometer (Acton
Spectra Pro 300, f= 4.1, 1900 gr mm™' and an Acton Spectra Pro 500, f= 6.9, 600 gr mm’
grating for the measurements at Mace Head and Mweenish Bay, respectively). The detector
used was a 1024 pixel photodiode array detector (type: S3904-1024, Hamamatsu). O3 was
measured in 320 + 40 nm, 1O in 430 + 40 nm, I, and OIO in 550 + 40 nm, and NO; in 630 +

-137-



40 nm. For the analysis of the LP-DOAS data the software DOASIS (Kraus, 2005) was used
to simultaneously fit the different references to the atmospheric spectrum using a non-linear
least-squares method (e.g., Stutz and Platt, 1996). In addition, a polynomial was included to
account for broad band structures due to scattering in the atmosphere. IO was analyzed in the
wavelength range between 416 and 439 nm. The IO cross section (Spietz et al., 2005) as well
as references of NO, (Voigt et al., 2002) and H,O (Rothmann et al., 2005) were included in
the IO fitting procedure. The evaluation of I, was performed in the wavelength range between
530 and 567 nm and the cross sections of I, (Saiz-Lopez et al., 2004), references of OIO
(Bloss et al, 2001), NO,, O4 (Greenblatt et al., 1990) and H,O were considered during the fit.
O; was analyzed between 315 and 342.5 nm (Mweenish Bay) and 332.5 and 343.75 nm
(Mace Head) and the cross sections of O3 (Voigt et al., 2001), BrO (Wilmouth et al., 1999),
SO, (Vandaele et al., 1994), HCHO (Meller and Moortgat, 2000), NO,, O4 and HONO (Stutz
et al., 2000) were included in the fitting procedure. NO; was analyzed between 618 and 626
nm and 657 and 664 nm and fitted using NOs (Yokelson et al., 1994) and H,O cross sections.

2.3 Online GC-MS measurements

CHsl, C,Hsl, CH,Brl, CH,ICI and CH,l, were analysed automatically from 3 L of dried air
using a Perkin Elmer (USA) Turbomass GC-MS system connected to a Perkin Elmer
Automated Thermal Desorption unit (ATD). Air samples were measured every 45 minutes
during 5 days of measurement between the 29" of August and the 11" of September 2007.
Analytes were trapped onto a 3-stage carbon-based adsorbent micro trap (Air monitoring trap,
Perkin Elmer, UK) held at -30 °C. The micro trap was then flash heated to 360 °C, injected
onto a 60 m DB5 GC column (Supelco), then analysed by the MS in single ion mode. The
GC-MS was calibrated against a gas standard prepared in-house containing low-pptv mixing
ratios of the target halocarbons in zero grade nitrogen (BOC, UK) at 100 bar in an Aculife
cylinder (10 L, CK Gases). This gas standard was quantified in our laboratory against a
permeation tube system (Wevill and Carpenter, 2004) immediately after the campaign. The

method is discussed in more detail in Hornsby et al. (2009).
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2.4 Sampling sites

The denuder sampling systems and LP-DOAS instruments were positioned at the Mace Head
Atmospheric Research Station (53.25° N, 9.80° W) and the Mweenish Bay (53.32° N, 9.73°
W) (see Fig. 1). Also, at Mace Head, in situ measurements of reactive iodine species were
carried out by the online GC-MS system. The Mace Head site is well known for atmospheric
events with regard to iodine chemistry. A detailed description of this measurement site can be
found elsewhere (Carpenter et al., 2001). Mweenish Bay is located about 7 km southeast of
the Mace Head research station in an area of large seaweed beds. The algae species present
differ from those at Mace Head, with brown species Ascophyllum nodosum and Fucus
vesiculosus being dominant. (Irish Seaweed Centre, 2001). In addition, Mweenish Bay has a
higher seaweed density. Denuder sampling was carried out in the intertidal zone at Mweenish
Bay-II for consecutive 30 days (6 August—4 September, 2007) and at Mace Head for
consecutive 6 days (28 August—2 September, 2007). To explore the concentration levels of I,
from direct biogenic emissions, several samples were taken by denuder during low tide in the

central zone of algae beds (Mweenish Bay-I). The distance between Mweenish Bay-I and

Mweenish Bay-II is about 100-150 m.
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Fig. 1. The denuder sampling sites (*) and the light paths of the LP-DOAS measurements at
Mace Head and Mweenish Bay, Ireland.
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3 Results and Discussion

3.1 Iodine emissions from macroalgae

Although laboratory-based studies have observed the direct emissions of I, from macroalgae
(e.g., Laminaria) (Sellegri et al., 2005; Kiipper et al., 2008; Dixneuf et al., 2009), the levels
of I, emissions under atmospheric conditions have not been clarified so far. To address this
question we used diffusion denuders which can provide “single-point” in situ measurements
of I, to collect samples at the central zone of algae beds (Mweenish Bay-I) during low tide.
Since I is rapidly photolyzed to iodine atoms during daytime, the denuder tubes were set up
exactly above the algae beds with a very short vertical distance of around 5 cm between the
seaweed and the denuder inlet to minimize the potential influence of photolysis. Fig. 2(A)
shows the results of 5-day measurements within a period of 21 days, at a fixed sampling site.
The mixing ratios of I, were observed to fluctuate with a range between 110 and 302 ppt.
This fluctuation could be attributed to algae themselves and the surrounding atmosphere. In
the literature, Kiipper et al. (1998) reported that young plantlets of seaweed have larger
capacity of iodine uptake than adult plants. Thus, within these 21 days the changes of
physiological conditions of algae can lead to the differences of iodine level accumulated in
the seaweed and thereby the emission level of I, into the air. Certainly, other factors such as
solar radiation, temperature, and ozone concentration may also contribute to the observed
fluctuation of I, emission. A plot of the I, mixing ratio observed at Mweenish Bay-I against
the measured O3 (Fig. 2(B)) shows that the emissions of I, increase with increasing O3
mixing ratio. This finding (although the data set is very limited) is in close agreement with
the result from a chamber experiment (Palmer et al., 2005) as well as the recently suggested
mechanism in which I, emissions are supposed to be regulated by the ozone-scavenging

reaction of the accumulated iodide on the algae surfaces (Kiipper et al., 2008).

Given the short atmospheric lifetime of I, and the dilution effect during air transport
(Saiz-Lopez et al., 2004; Saiz-Lopez et al., 2006b; Palmer et al., 2005), I, mixing ratio
downwind of the seaweed beds could be lower. As expected, the mixing ratios of I, observed

at Mweenish Bay-II (i.e., further far away from the seaweed beds) decreased significantly
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compared to the enhanced levels observed at Mweenish Bay-I (Fig. 2(A)). These comparison
results were associated with northwesterly/southwesterly winds which passed over the algae
beds with low speeds (<7.7 m s™). When the wind came from northeasterly (land) direction
the levels of I, measured at Mweenish Bay-II decreased further to around 5 ppt, which
indicates further that local algae is really an unambiguous emission source of I, under the

ambient conditions in the coastal area.
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Fig. 2. Comparison of the mixing ratio of I, between Mweenish Bay-I and Mweenish Bay-II
(A), and the correlation between the emission of I, and the concentration of O; in the
surrounding air at Mweenish Bay-I (B).

Over the course of this study the concentration levels of I, observed at Mace Head were
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significantly lower than that at Mweenish Bay-II. The maximum mixing ratios for daytime
and nighttime measurements at Mace Head were 29 ppt and 141 ppt, respectively, and the
values at Mweenish Bay-II were 87 ppt and 193 ppt, respectively. The discrepancies of I,
levels between Mace Head and Mweenish Bay could be attributed to the higher biomass
density at Mweenish Bay than at Mace Head and the difference on algae species composition
present at these two locations (Irish Seaweed Centre, 2001). It suggests that Mweenish Bay is

a “hot spot” of iodine atmospheric chemistry.

Since algae is an important source of ambient I, and the biomass of algae exposed to air is
related to the tidal height, the tidal effects on I, emissions were investigated during daytime
and nighttime throughout the campaign at Mweenish Bay-II. A plot of I, mixing ratio as a
function of tide height exhibits a clear anticorrelation (Fig. 3), which is in agreement with the
recent observations at Mace Head (Bale et al., 2008; Saiz-Lopez et al., 2006a). It is apparent
that the levels of I, are higher at low tide during nighttime due to its accumulation in the
absence of solar photolysis. Nevertheless, we also observed that I, mixing ratios at Mweenish
Bay-II were maintained at levels of around 15-18 ppt when strong westerly winds occurred
(>10.8 ms™, from sea direction). The locally emitted I certainly will dilute in an evolving air
plume during air mass transport. However, this interesting episode occurred irrespective of
the state of tide as well as day or night. Given that a certain amount of macroalgae at the
nearby rocky upper littoral zone was still exposed to the atmosphere whenever the high tide

occurred, these values (15—18 ppt) could represent the background level of I, at the coastline.

The concentrations of reactive organic iodine species measured at Mace Head by an online
GC-MS technique are compared to I, observed by the denuder/GC—MS method in Fig. 4.
Clearly, the concentration of I, is much higher than that of the iodocarbons for both daytime
and nighttime measurements. Therefore, it is clear that I, is the predominant iodine precursor
at Mace Head. However, like the emissions of I, the biogenic emissions of iodocarbons are
also algae species dependent, and high concentration levels of iodocarbons have been
reported at Brittany, a French Atlantic Coast (Peters et al., 2005). Therefore, it is difficult to

tell whether I, is the predominant source of iodine in coastal areas other than Mace Head.
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3.2 Implications for O3, IO, OIO and NOy

IO mixing ratios were measured by LP-DOAS at both Mweenish Bay and Mace Head during
the campaign. The average and maximum values of daytime 10 were 3.4 + 1.0 and 9.5 + 0.8

ppt for consecutive 30-day measurements at Mweenish Bay, and 1.1 + 0.3 and 4.4 &+ 0.6 ppt
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for consecutive 9-day measurements at Mace Head, respectively. Note that the maximum
mixing ratios were observed around noon. A plot of three sets of data measured at Mweenish
Bay indicates that daytime IO concentration levels increase with the increase of I
concentrations and of the solar irradiation, as shown in Fig. 5. A similar trend was also
observed at Mace Head by Commane et al. (2008) during this campaign. These provide good
evidence for the photochemical production of IO from coastal emissions of I,. Fig. 5 also
shows that I, concentrations increase with enhanced solar irradiation. Since enhanced
biological activity and biogenic emissions of iodine species have been suggested to correlate
with solar irradiation together with warmer temperature (Carpenter et al., 1999), I, emissions
can be expected to be more elevated when low tide periods coincide with maximum solar

irradiation exposure.

L, (ppt)

Fig. 5. The observed daytime IO as a function of the solar radiation and the concentration of
I,. Measurements were taken at Mweenish Bay. 10 and I, were measured by LP-DOAS and
denuder/GC-MS, respectively.
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Fig. 6. Plot of O3 versus I, during ozone destruction events at Mweenish Bay. Note that O
was measured by LP-DOAS, and I, by denuder/GC-MS.

Recent models predict that bromine- and iodine-induced ozone destruction can also occur in
the troposphere (Vogt et al., 1999; von Glasow et al., 2004). Most recently, extensive
halogen-mediated ozone destruction over the tropical Atlantic Ocean has been suggested
(Read et al., 2008). However, reduction in the tropospheric ozone burden through iodine
emitted from coastal marine sources has not been verified by observations so far. During the
5-week field observations at Mweenish Bay the mixing ratios of ozone decreased in several
days from the normal levels of ~40 ppt down to as low as 12 ppt. Since the measurements by
denuders did not cover all these ozone destruction events observed by LP-DOAS and the time
resolution of the two techniques was different, we use the mean Oz concentrations observed
at the timescales of I, measurements to investigate the correlations between these two
ambient constituents. The results show that Oz concentration decreases in general with the
increase of I, concentration for daytime observations (Fig. 6), which is consistent with the
observations shown in Fig. 5 and strongly supports the viewpoint that photochemical
production of daytime IO is related to concentration levels of O;. For nighttime observations,
a clear anti-correlation of O3 with I, was observed, as shown in Fig. 6. Surprisingly, the O;
concentrations dropped significantly to around 15 ppb when a high level of I, mixing ratio

was observed around midnight. Here, it should be noted that the correlation between O3 and
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I, shown in Fig. 6 is opposite to that shown in Fig. 2(B). This can be attributed to the
difference on the observation condition. The positive correlation presented in Fig 2(B) was
measured exactly above the algae beds, therefore, can be the consequence of the
ozone-scavenging reaction of iodide on the algae surfaces at low tide (i.e., I' + O3 — L)
(Kiipper et al., 2008). However, the negative correlation presented in Fig 6 was measured in
the intertidal zone about 150 m from the algae beds. In this case, the emitted I, will mix up

and react with other atmospheric constituents, leading to the Os destruction.

The nighttime iodine chemistry is still not quite clear. The gas-phase reaction of I, with Oj is
too slow (Vikis and Macfarlane, 1985) to lead to significant Oz destruction. A suggested
reaction (Chambers et al., 1992; Saiz-Lopez et al., 2006a) for the formation of atomic iodine
(R1) at night is
l,+NO,—>1+IONO, (R1)

Based on quantum chemical calculations this reaction has recently been proposed to be the
major source of iodine oxides at night (Kaltsoyannis and Plane, 2008). The resulting atomic
iodine will then react rapidly with O3 to form IO (R2). The 10 produced can react with NO;
(R3) with a rate coefficient of 9 x 10™'? cm® molecule” s (Dillon et al., 2008), which will

lead to additional NOs consumption and will compete with 10 + IO for nighttime OIO

formation.
1+0, —»10+0, (R2)
IO+NO,—OIO+NO, (R3)

Our observations during nighttime at Mweenish Bay show that, with the increase of I,
concentrations, the NOs concentrations decrease (Fig. 7). The results indicate the importance
of nitrate radicals on the nighttime iodine chemistry in the coastal marine boundary layer
(MBL). However, it should be noted that the lower O; levels at higher I, levels would also
indicate a lower source of NOj; given the production pathway of NO; (R4).
NO,+0,—>NO,+0O, (R4)

It also should be noted that the observed Os loss rate for both daytime and nighttime

measurements (Fig. 6) is much higher than the value predicted by model simulations by
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Saiz-Lopez et al. (2006a; 2006b). A possible explanation could be that other halogen
compounds which have the similar diurnal pattern as I, also contribute to the Os loss. Indeed,
the activated iodine compounds, ICl and HOI, showed a strong correlation with I, (Huang

and Hoffmann, 2009).
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Fig. 7. NO; as a function of I, at night at Mweenish Bay. Note that NO; were measured by
LP-DOAS, and I, was measured by denuder/GC-MS.

During the campaign OIO was also measured at Mweenish Bay and Mace Head.
Unambiguous identification of the absorption structure of OIO was not realized although it
was observed several times above the detection limit (average, 12.5 ppt at Mweenish Bay and
3.3 ppt at Mace Head, respectively). The measurement of OIO in the spectral region of
500-600 nm has some principal problems (Peters et al., 2005), leading to high residual
structures and therefore high errors and high limit of detection. To date the only unambiguous
daytime OIO measurements is made in the Gulf of Maine (Stutz et al., 2007). At Mace Head
(Peters et al., 2005; Saiz-Lopez et al., 2006a), Cape Grim (Allan et al., 2001), and Roscoff

(Mahajan et al., 2009), OIO has been observed during the nighttime but never in the daytime.
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Fig. 8. Comparison measurements of I, between denuder/GC-MS and LP-DOAS.

3.3 Data evaluation

Gas-phase reactive inorganic iodine species (I, IO, and OIO) have been observed at Mace
Head previously (Table 1). A maximum mixing ratio of I, of 93 ppt at night and 25 ppt during
the day was observed by LP-DOAS during the NAMBLEX campaign (Saiz-Lopez and Plane,
2004). Exemplary in situ measurements of daytime I, were also performed at Mace Head
using BBCRDS (Bitter et al., 2005) and at a nearby location (Mweenish bridge) using
denuder tubes in combination with ICP-MS analysis (Saiz-Lopez et al., 2006b), which
reported much higher mixing ratios of daytime I, compared to the LP-DOAS measurements
(see Table 1). A more comprehensive comparison between “single-point” in situ and
LP-DOAS measurements was carried out at both Mace Head and Mweenish Bay during the
campaign. Note that average values of LP-DOAS measurements within the same sampling
period of denuder measurements at Mweenish Bay-II and Mace Head were used for
comparison because of the different time resolution of the two techniques. As shown in Fig. 8,
the denuder method recorded much higher concentrations of I, than the LP-DOAS method,
for both daytime and nighttime measurements. This can be attributed to the facts that denuder

method provides “single-point” in situ measurements in the intertidal zone; however,
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LP-DOAS technique provides distance-average mixing ratios of a rather inhomogeneous
distribution along the light-path (i.e., 4-14 km). As described above, the local algae sources
dominate the inorganic iodine chemistry at Mace Head and Mweenish Bay. However, under
the conditions of Mace Head and Mweenish Bay, the seaweeds extend only over a short
distance of the DOAS light-path and most of the light-path extended over the open sea. In
addition, a vertical I, concentration gradient caused by its rapid photolysis during daytime
and by diffusion at night is expected. The vertical distance between the denuder inlets and the
sea level is shorter than that between the DOAS light-path and sea level. Thus, the
inhomogeneous spatial distribution of I, can be responsible for the observed discrepancies of

I, mixing ratios.

The maximum mixing ratios of daytime 10 measured by LP-DOAS at Mace Head are
consistent with previous observations. However, the levels of this iodine species observed at
Mweenish Bay are significantly higher than that at Mace Head. These results suggest that
Mweenish Bay is a biological “hot spot” of iodine atmospheric chemistry. It should be noted
that the time resolution of both LP-DOAS measurement and denuder sampling is greater than
tens of minutes. This does not allow measurements at the timescales at which the iodine
species (I, 10, and OIO) are produced. Therefore, it can be expected that the actual peak
values of these three iodine species could be higher than those reported here. This is
supported by comparison results of 10 measurements by LP-DOAS and laser-induced
fluorescence (LIF) spectroscopy at Mace Head (Commane et al., 2008). Since the LIF
technique provides “point” in situ measurements with higher time resolution (10 s—5 min),
the maximum mixing ratios of IO observed by LIF are significantly higher than that
measured by LP-DOAS, with a maximum value of 34 ppt reported. Considering the limit of
detection of the denuder/GC-MS method (0.17 ppt for a sampling duration of 30 min at 500
mL min™) as well as the concentration levels at the West Coast of Ireland, we suggest a
shorter sampling time for example 10-30 min for further field measurements in algae-rich
coastal areas. This would help to obtain a better time resolution and to get a more detailed
study of the diurnal variation of ambient I, and a better understanding of the release

mechanism and atmospheric impact of I,
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Table 1. Observations of reactive inorganic iodine species (I, 10, and OIO) at Mace Head
and Mweenish Bay, Ireland, by different techniques

Species Location, year Technique Spatiality Max. conc. (ppt) Reference
Daytime  Nighttime
I Mace Head, 1998 LP-DOAS 14.4 km - 61.3+12 Petersetal. (2005)
Mace Head, 2002 LP-DOAS 8.4 km 25 93+3 Saiz-Lopez and
Plane (2004)
Mace Head, 2002 BBCRDS “point” in 94 + 20 - Bitter et al. (2005)
situ
Mweenish bridge, Denuder/IC “point” in 115 - Saiz-Lopez et al.
2003 P-MS situ (2006b)
Mace Head, 2007 Denuder/G “point”in  29.1+1.0 140.7 % this work
C-MS situ 5.6
Mace Head, 2007 LP-DOAS 13.6 km - 94.4 this work
Mweenish Bay-I, Denuder/G “point” in 301.8 + - this work
2007 C-MS situ 4.3
Mweenish Bay-Il, Denuder/G “point”in  87.2+1.8 193.3% this work
2007 C-MS situ 9.3
Mweenish Bay, LP-DOAS 4.0 km - - this work
2007
10 Mace Head, 1997 LP-DOAS 14.4 km 6.7+0.5 - Alicke et al. (1999)
Mace Head, 1998 LP-DOAS 14.4 km 7.2+0.3 - Hebestreit (2001)
Mace Head, 2002 LP-DOAS 8.4 km 7.0+£0.5 3 Saiz-Lopez and
Plane (2004)
Mace Head, 2007 LIF “point”in  33.8+3.3 - Commane et al.
situ (2008)
Mace Head, 2007 LP-DOAS 13.6 km 44+0.6 - this work
Mweenish Bay, LP-DOAS 4.0 km 95+£0.8 - this work
2007
o][e] Mace Head, 1998 LP-DOAS 14.4 km - 9.2+3.3 Peters et al. (2005)
Mace Head, 2002 LP-DOAS 8.4 km <4 10.8 Saiz-Lopez et al.
(2006a)
Mace Head, 2002 BBCRDS “point” in - 13+4 Bitter et al. (2005)
situ
Mace Head, 2007 LP-DOAS 13.6 km - - this work
Mweenish Bay LP-DOAS 4.0 km - - this work

4 Conclusions

A diffusion denuder in combination with a GC-MS method has been used for “single-point”

in situ measurements of [, at the West Coast of Ireland. The observations show that the
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emissions of I, from macroalgae are correlated with the surrounding O3 concentration levels.
Comparison of I, measurements was carried out at Mace Head and Mweenish Bay, and the
results indicate that the mixing ratios of I, are correlated with species and biomass of local
algae and that Mweenish Bay is a biological “hot spot” of iodine atmospheric chemistry. An
anticorrelation between I, concentration levels and tidal height was observed for both
daytime and nighttime measurements. In addition, the mixing ratios of I, were also measured
by LP-DOAS and compared to the denuder/GC-MS measurements. The results show that
local coastal emissions are the main source of ambient I, and that the denuder/GC-MS

method can be used to better identify the potential source of I,.

The levels of I, and the intensity of solar irradiation affect significantly the mixing ratios of
daytime IO and Os. However, during nighttime the involvement of NOx in the reaction cycles
of I, are found to be responsible for the enhanced O; destruction. Certainly, more
laboratory-based studies and field measurements are required to clarify the importance of the

nighttime atmospheric chemistry of iodine.
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